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Studying mammals has been of great interest to scientists for many decades. Not because 
mammals are the most numerous animals; with only about 4138 extant recognized species (table 1; 
Macdonald 1984) the class of mammals is far less speciose than many other groups of animals, like 
birds or insects. The reason of this interest rather is that present-day mammals are dominantly present 
in our environment - having conspicuous appearances and considerable sizes - and are very important 
from an economical point of view, in husbandry and as pets. Moreover, the interest certainly stems 
also from the fact that scientists themselves belong to one of the orders of mammals, namely the 
primates. This thesis describes the gradual progress in resolving the phylogenetic relationships within 
the most prominent group of mammals, the placental mammals or eutherians, by means of molecular 
data. It further discusses the molecular evolution of two nuclear-encoded mammalian genes that have 
been used in our phylogenetic studies: aquaporin 2 and the alpha B2 adrenergic receptor. The 
following introduction gives some background and explanation concerning phylogenetic terminology 
and theory, which hopefully makes it easier for the reader with no or little phylogenetic and systematic 
background to read the subsequent chapters.
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W hat’s a mammal?
What’s a mammal? This question is not simple to answer in a few words, since mammals 
display a broad variety of different ecologically adaptive forms (Macdonald 1994). All mammals have 
three characters not found in any other animals: 1) three middle ear bones (malleus, incus, and stapes) 
which are involved in transmitting sound from the outside world to the inner ear; 2) in at least one 
phase of development they have hair made up of a protein called keratin; and 3) they have modified 
sweat glands named mammary glands in which milk is produced to nurse their newborn youngs. 
Some other characters are not uniquely found in mammals or not present in all mammals: a lower jaw 
made up of a single bone (dentary), a heart with four chambers, internal fertilization, and highly 
differentiated teeth that are replaced just once during an individual's life.
As mentioned, mammals display a great diversity in form and function. The largest mammal 
(the blue whale) is about 25 meter long and weighs some 120,000 kilogram, the smallest (the Kitti’s 
hog nose bat) weighs 1.5 gram. The largest land mammal (the African elephant) weighs around 6,000 
kilogram and is about 7 meter long. Some mammals only feed on one type of diet, such as the giant 
panda which almost exclusively eats bamboo, whereas others are omnivores (e.g. human, some pig 
and bear species) eating almost everything that is eatable. Some mammals stay their whole life near
Table 1. A traditional classification of mammals.
Subclass Infraclass Order Some representative species Families Species
Protheria
Monotremata Echidnas, Platypus 2 3
Theria
Marsupialia
Didelphimorpha Opossums 1 75
Paucituberculata Shrew opossums 1 7
Microbiotheria El Monito del Montes 1 1
Dasyuromorphia Tasmanian devils, Quolls, Dunnarts 3 54
Peramelemorphia Bandicoots 2 19
Notoryctemorphia Marsupial Moles 1 1
Diprotodontia Kangaroos, Wombats, Koalas, Possums 9 109
Eutheria
Artiodactyla Cows, Pigs, Hippos 10 187
Carnivora Cats, Dogs, Bears, Seals 10 264
Cetacea Whales, Dolphins 9 76
Chiroptera Bats 19 951
Dermoptera Flying lemurs 1 2
Hyracoidea Hyraxes 1 11
Insectivora Moles, Hedgehogs, Tenrecs, Golden moles 6 345
Lagomorpha Rabbits, Pikas 2 58
Macroscelidea Elephant shrews 1 15
Perissodactyla Horses, Tapirs, Rhinos 3 16
Pholidota Pangolins 1 7
Primates Humans, Apes, Monkeys, Lemurs, Lorises 11 181
Proboscidea Elephants 1 2
Rodentia Mice, Guinea pigs, Squirrels, Gophers 30 1702
Scandentia Tree shrews 1 18
Sirenia Sea cows 2 4
Tubulidentata Aardvarks 1 1
Xenarthra Sloths, Anteaters, Armadillos 4 29
Numbers of families and species from Macdonald (1984).
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one location, such as the blind mole rat which never leaves its burrows, whereas a wolf may journey 
through 1,000 square kilometers during its lifetime. Some mammals live in social groups, whereas 
others are most of their life solitary. Some mammals have large litter sizes, even up to 32 in the 
common tenrec, whereas many others only get one young at a time. In some species, e.g. the marsupial 
mice Antechinus and Phascogale, males do not even live long enough to witness the birth of their own 
offspring.
Mammalian systematics
Until recently, the systematics of mammals was exclusively the field of paleontologists and 
morphologists. The reconstruction of the phylogenetic relationships of mammals by means of 
morphological characters proved difficult. This is due to their great morphological diversity and 
complex ecological adaptations, and to the sudden appearance of the ancestors of many of the modern 
orders in the fossil record some 65 million years ago, indicating a fast and bush-like radiation (see 
below). Thus, when the first molecular data emerged several mammalian systematists were hopeful, 
together with their biochemical colleagues, that the unresolved parts of the mammalian tree could be 
solved by means of molecular data. The enthousiasm of traditional systematists, however, quickly 
disappeared when the molecular data started to support other relationships than those based on 
morphological data. The climate between molecular and morphological systematists, not only in 
mammalian phylogeny, changed to a cold war with accusations and intimidations from both sides (see 
Felsenstein 2001).
Tabel 2. Eutherian superordinal clades.
Superordinal clade Orders
Morphological
Epitheria All eutherians except Xenarthra
Glires Rodentia, Lagomorpha
Anagalida Rodentia, Lagomorpha, Macroscelidea
Archonta Scandentia, Primates, Dermoptera, Chiroptera
Volitantia Dermoptera, Chiroptera
Ferungulata Carnivora, Tubulidentata, Artiodactyla, Cetacea, Perissodactyla,
Hyracoidea, Proboscidea, Sirenia
Ungulata Tubulidentata, Artiodactyla, Cetacea, Perissodactyla,
Hyracoidea, Proboscidea, Sirenia
Altungulata Perissodactyla, Hyracoidea, Proboscidea, Sirenia
Paenungulata Hyracoidea, Proboscidea, Sirenia
Tethytheria Proboscidea, Sirenia
Ferae Pholidota, Carnivora
New molecular
Afrotheria Hyracoidea, Proboscidea, Sirenia, Tubulidentata, Macroscelidea,
Afrosoricida
Euarchonta Scandentia, Primates, Dermoptera,
Laurasiatheria Pholidota, Carnivora, Perissodactyla, Cetartiodactyla,
Chiroptera, Eulipotyphyla
Fereuungulata Pholidota, Carnivora, Perissodactyla, Cetartiodactyla
Euarchontoglires Scandentia, Primates, Dermoptera, Rodentia, Lagomorpha
Note that the morphological superordinal clades do not necessarily conform to each other and to figure 1.
Resolving the mammalian tree by means of molecular data turned out not to be an easy task 
either (de Jong 1998). Therefore, also in the world of molecular systematics it was, and is, not always
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peace and love. Molecular data do not always yield congruent results, sometimes caused by systematic 
errors such as long branches and/or incomplete taxon sampling (see below). And unfortunately the 
attitude of some molecular systematists was more like “my sequences are longer than your sequences, 
thus my tree is better than your tree”. This led to strong statements about relationships between certain 
mammals which later turned out to be wrong. Hence, “these are embarrassing times for whom is 
studying mammalian relationships” (W. de Jong 1998, unpublished).
Below is a brief description of morphologically and molecularly based mammalian trees, with 
special emphasis on the relationships of the Eutherian orders, as seen by this author in a research field 
where there are more trees than fit the forest.
Morphological tree
The class of mammals is traditionally classified into some 26 orders (see table 1 for names and 
representative species). The number of families and species in each order varies tremendously, from 
some 30 families and 1702 species in Rodentia to one family and one sole species, the aardvark, in 
Tubulidentata. Of the 26 orders, seven are grouped together in the infraclass Marsupialia, the pouched 
mammals, and 18 are grouped in the infraclass Eutheria (also called placentals, figure 1). Marsupials 
and eutherians together form the subclass Theria, to the exclusion of the order Monotremata, the egg- 
laying mammals, which form the subclass Protheria (table 1). The ordinal relationships amongst 
eutherians, as presented by Novacek (1992), is displayed in figure 1. Some superordinal groupings, or 
clades, which have been proposed based on morphology, are shown in this figure and in table 2. The 
tree is largely based on morphological characters and, although no unanimously supported eutherian 
tree exists, most morphological systematists will agree with most of the ordinal relationships shown 
(see e.g. Shoshani and McKenna 1998). This tree, often referred to as the "Novacek tree", has 
generally been used as a standard reference for molecular systematists, and was in fact one of the 
primary triggers of this thesis project.
As can be seen, the tree is pretty well resolved. At the base of the tree Xenarthra together with 
Pholidota are the first to branch off, making them the sister group to all other eutherian orders. 
Whether Pholidota group with Xenarthra at the base of the tree is morphologically not really clear 
since others have suggested Pholidota as sister to Carnivora in a clade called Ferae (e.g. McKenna and 
Bell 1997). Subsequently, a multifurcation leads to several superordinal clades such as Archonta 
(Primates, Scandentia, Dermoptera, Chiroptera), Anagalida (Rodentia, Lagomorpha, Macroscelidea) 
and Ungulata (Cetacea, Artiodactyla, Perissodactyla, Hyracoidea, Proboscidea, Sirenia, Tubu­
lidentata). Inside Anagalida the Rodentia and Largomorpha group together to form Glires; in Ungulata 
the Hyracoidea, Proboscidea and Sirenia form the Paenungulata clade, of which the two latter orders 
are sisters within Tethytheria.
Molecular tree
In figure 2 one of the best supported current molecular views on mammalian relationships is 
presented, together with some of the suggested new superordinal names (see also table 2). The 
relationships of eutherians are derived from a concatenation of 22 mostly nuclear genes (Murphy et al. 
2001b), whereas the eutherian outgroup is based on Killian et al. (2001). With two exceptions, namely 
Artiodactyla and Insectivora, the molecular data support the monophyly (i.e., the sharing of a last 
common ancestor) of each of the traditionally defined eutherian orders. Strong molecular evidence has
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Figure 1. A phylogenetic tree of mammals based on morphological data (Novacek 1992). Different superordinal 
clades are indicated (see also table 2).
been found for the nesting of Cetacea within the Artiodactyla, as sister group of the hippos (Ursing 
and Arnason 1998; Gatesy et al. 1999; Kleineidam et al. 1999; Nikaido et al. 1999), joining them into 
a new molecularly defined order Cetartiodactyla (Montgelard et al. 1997). In contrast, Insectivora has 
on molecular basis been divided into two separate and unrelated orders: Eulipotyphla (the ‘Laurasian’ 
insectivores such as moles, shrews, hedgehogs) and Afrosoricida (the ‘African’ insectivores such as
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Figure 2. A phylogenetic tree of mammals based on molecular data. The relationships amongst eutherians are 
based on Murphy et al. (2001b) while those of the outgroups (marsupials and monotremes) are based on e.g. 
Killian et al. (2001). Arrowheads indicate possible alternative positions of the eutherian root (see text). Dotted 
arrow indicates the suggested monophyly of monotremes and marsupials (Marsupionta) to the exclusion of 
eutherians as based on mostly mitochondrial data (Janke et al. 2002). Different superordinal clades are shown 
(see also table 2).
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golden moles and tenrecs) (e.g. Stanhope et al. 1998).
As can be seen from figure 2, molecules have thoroughly remodeled the mammalian tree. 
Recent analyses on large concatenated mostly nuclear data sets strongly support the division of 
Eutheria into four groups: Afrotheria (Sirenia, Hyracoidea, Proboscidea, Tubulidentata, 
Macroscelidea, Afrosoricida); Xenarthra; Euarchontoglires (Dermoptera, Scandentia, Primates, 
Lagomorpha, Rodentia); and Laurasiatheria (Eulipotyphla, Carnivora, Pholidota, Perissodactyla, 
Cetartiodactyla, Chiroptera) (Eizirik et al. 2001; Madsen et al. 2001; Murphy et al. 2001a,b). Of the 
four major clades Afrotheria is most probably basal, followed by Xenarthra, and with 
Euarchontoglires plus Laurasiatheria as sister clades forming Boreoeutheria (Springer and de Jong 
2001). These molecular data strongly support the traditionally recognized superordinal groups 
Paenungulata and Glires. Another large dataset extensively used in eutherian phylogeny is that of 12 
protein-coding genes of the mitochondrial genome (e.g. Pumo et al. 1998; Reyes et al. 2000; Schmitz 
et al. 2000; Nikaido et al. 2001; Lin and Penny 2001; Arnason et al. 2002). The mitochondrially based 
mammalian trees conform more or less with those based on nuclear data, but there are important 
differences. Most importantly, at the very base of the mammalian tree, mitochondrial data have 
suggested that monotremes and marsupials together form a monophyletic group (Marsupionta) to the 
exclusion of Eutheria (Janke et al. 2002). Since mitochondrial sequences may not be as robust as 
nuclear genes in resolving deep mammalian relationships (Springer et al. 2001, see below) this finding 
should be taken with great caution. Indeed, most nuclear-based trees dealing with this question support 
the traditional view with eutherians and marsupials together forming Theria (e.g. Killian et al. 2001).
Mitochondrial data have further suggested that rodents are not monophyletic, making some 
rodents like Guinea pig and squirrel more closely related to other eutherians than to mouse and rat 
(D’Erchia et al. 1996; Reyes et al. 2001). But as the number of sequenced rodent mitochondrial 
genomes has increased, and phylogenetic analyses improved, the proposed diphyly of rodents has been 
weakened and monophyly eventually restored (Cao et al. 2000). Another discrepancy between 
mitochondrial and nuclear trees is the division of the insectivores. Like the nuclear genes, 
mitochondrial data also suggest the splitting of the traditional order Insectivora. However, where 
nuclear data indicate two separate insectivore groups (see above), mitochondrial data divide 
insectivores into at least three unrelated groups: 1) moles and shrews, placed in Laurasiatheria; 2) 
golden moles and tenrecs, placed in Afrotheria, and 3) hedgehogs, placed at the very base of the 
eutherian tree (Krettek et al. 1995; Mouchaty et al. 2000). The distinct placement of hedgehog has 
been suggested to be due to the nucleotide composition of the hedgehog mitochondrial genome, which 
deviates significantly from that of other mammals, and thus is likely to influence its position in the 
tree.
The proposed basal position of the hedgehog immediately illustrates another disagreement 
between nuclear and mitochondrial eutherian phylogenies, namely the rooting. As mentioned, nuclear 
data indicate Afrotheria with high confidence as basal (Murphy et al. 2001b), but the root might also 
be located on the branch to Xenarthra or between Afrotheria/Xenarthra and Laurasiatheria/ 
Euarchontoglires (Eizirik et al. 2001; Madsen et al. 2001; Murphy et al. 2001a) (arrowheads in fig. 2). 
However, placing the root within any of the four major clades is statistically rejected in all nuclear 
trees. In contrast, when hedgehog is left out of the mitochondrial tree, because of its deviating base 
composition, the eutherian root is placed inside Euarchontoglires, most frequently with rodents at the 
base (e.g. Reyes et al. 2000)
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It thus appears that mammalian phylogeny is a fascinating research field with a lot of answers 
and even more questions.
Eutherian divergence times
To understand the mode of evolution of eutherians with respect to their biogeographical 
distribution and early dispersal, it is necessary to know when the different orders of eutherians 
diverged. In the past years there has been quite some debate between paleontologists and molecular 
systematists concerning the dating of these divergences. Before the first molecular estimates of 
eutherian divergence times saw the daylight, a common view was - and probably still is - that the 
eutherian orders diverged in a rapid and bushlike way around the Cretaceous-Tertiary (K/T) boundary, 
some 65 million years (Myr) ago. At that time a remarkable mass extinction of dinosaurs and other 
animals happened, caused by a fast global climate change from a mild, warm and stable to a cold and 
varied environment. The trigger of this global climate change was probably an asteroid colliding with 
our Earth, by which a massive amount of dust was thrown into the atmosphere and caused the 
‘observed’ climatic changes (Alvarez et al. 1980). Once dinosaurs went extinct, the already existing 
small eutherians could take over the ecological niches left open by the dinosaurs and rapidly diversify 
into a variety of different ecologically adapted forms.
This diversification scenario implies that only a few different eutherian lineages were present 
before the K/T boundary, and that the diverge times of most of the extant orders should be around that 
same age (Easteal 1999). However, recent molecular studies have suggested much earlier divergences 
of the eutherians, beginning as far back as ~100 to ~130 Myr ago, and with all superordinal clades and 
most eutherian orders already having diverged before the K/T boundary (e.g. Kumar and Hedges, 
1998; Bromham et al. 1999; Penny et al. 1999; Eizirik et al. 2001; Madsen et al. 2001; Murphy et al. 
2001b). The split between eutherians and marsupials has been found to be around 170 Myr ago 
(Kumar and Hedges 1998; Penny et al. 1999), which is in good agreement with paleontological 
estimates. Thus, molecular datings imply that the ancestors of most extant eutherian orders were 
already present at the time when the dinosaurs became extinct, and that a gap of at least 17 Myr exists 
in the fossil record (Hedges and Kumar 1999). It has been suggested that such a gap could be 
explained by the relatively poor fossil record on the southern hemisphere continents (the “Garden of 
eden” hypothesis) (Foote et al. 1999), where eutherians likely have their origin (Eizirik et al. 2001; 
Madsen et al. 2001; Murphy et al. 2001a,b). Alternatively, early primitive eutherians from the 
Cretaceous may actually represent the ancestors of extant lineages, but have not been recognized as 
such since “they don’t look like their modern descendants because they had not yet experienced an 
adaptive radiation” (Easteal 1999).
Geological time scale and plate tectonic movements
In phylogenetic studies, geological periods are often used to indicate the age of a fossil or the 
time of divergence. Thus, instead of using exact time points, expressions like "early Cretaceous" or 
"late Eocene" are sometimes preferred. In figure 3A the geological time scale is shown with some 
commonly used eras and periods indicated.
With reliable eutherian divergence times and phylogenies in hand, these can be related to the
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Figure 3. A) Geological timescale (in million years). B) Paleocostline maps at the indicated time periods (in 
million years ago). Gray areas depict the paleo-continents, whereas present-day coastlines are indicated with 
lines. Maps taken from Smith et al. (1984).
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geographical distribution of fossil finds, and to the geological evidence of plate tectonic. In recent 
years it has become increasingly evident that continental drift and subsequent isolation may have 
played an important role in the distribution and initial radiation of early eutherian mammals (e.g. 
Hedges et al. 1996; Springer et al. 1997; Madsen et al. 2001; Murphy et al. 2001a,b). Although the 
idea of continental drift is quite old - the Dutch map maker Abraham Ortelius was the first to 
recognize the fit of South American and African coastal lines in 1596 - the scientific knowledge about 
plate tectonics is quite new, leaving space for different theories and interpretations of the exact timing 
of continental fissions and fusions.
An interpretation, largely based on www.scotese.com/earth.htm and Smith et al. (1994), is 
represented in figure 3B. At the time when marsupials and eutherians diverged, some 170 Myr ago, all 
continents were still connected in the supercontinent Pangea. Pangea had been formed during the mid 
and late Paleozoic, and started to break up in the early Jurassic (about 225 to 200 Myr ago). When 
marsupials and eutherians diverged it was probably still possible for land animals to migrate from pole 
to pole. In the middle Jurassic, Pangea broke into two supercontinents: the southern hemisphere 
Gondwana (South America, Africa, India, Australia, Madagascar and Antarctica) and the Northern 
hemisphere Laurasia (North America, Europe, Asia, Greenland and Iceland). Simultaneously, 
Gondwana started to drift apart, but is was not until mid Cretaceous before Africa drifted away from 
South America (~105 Myr ago). Africa became isolated until the early Cenozoic when is got 
connected with Europe. Also in mid Cretaceous India with Madagascar separated from Antarctica. In 
the late Cretaceous, India and Madagascar split, and Madagascar drifted northwards parallel with 
Africa. India moved towards Asia and started to collide in the early Cenozoic, some 50 Myr ago, 
which resulted in the Tibetan plateau and Himalayas. The final split of the Gondwana continent 
occurred in the early Cenozoic, when Australia rifted away from Antarctica and started to move 
rapidly to the north. Laurasia stayed as one landmass during most of the Mesozoic period. In the 
Cretaceous, North America with Greenland started to rift apart from Europe, opening up the North 
Atlantic, and in the early to mid Cenozoic North America and Greenland had completely split away 
from Europe. Thus, until al least 60 to 50 Myr ago animals could spread time and again over the 
laurasian continent.
Choice of data types for phylogenetic analyses
Before starting a phylogenetic study of any given group of organisms a choice must be made 
of the type of data one would like to use. One should ask oneself the question: which type of data is 
potentially best suited to give me an answer to my problem, and is it technically possible to obtain 
these data? What kind of data can be used for phylogenetic problems? The most commonly used data 
are morphological and molecular characters, but in fact any character which is inherited from one 
generation to another can be used in systematic studies provided that it has a reasonable rate of change 
over time.
For molecular data one requirement must absolutely be fulfilled to be useful in phylogenetic 
studies of species: the sequences to be compared must not only be homologous, but also orthologous. 
That is, the sequences must be descended from a common ancestor, and have diverged as a result of 
speciation events. As a consequence, orthologous genes and proteins usually perform exactly the same 
function in each taxon. In contrast, genes that are homologous as a result of gene duplication, called
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paralogous, may frustrate phylogenetic analyses if the duplication has occurred before the species to 
be investigated have diverged. But any molecular data that meet this prerequisite of orthology can be 
used for phylogenetic analyses.
However, other aspects are also important to keep in mind. Firstly, it should of course be 
technically feasible to obtain the orthologous sequences from different species. In our case this means 
that it must be possible to determine them after amplification from genomic DNA by the Polymerase 
Chain Reaction (PCR). Since many of the taxa used in our studies are rare and/or endangered, it is not 
possible to get fresh material for isolation of mRNA and sequencing the cDNA. In such case, genomic 
DNA is the only available source of genetic material. In this thesis the coding parts of nuclear genes 
are the preferred sequences. This implies that the genes of interest should be intronless in their coding 
region or have ‘large’ exons. Another aspect is that the content of GC bases should not be too high 
since this will make PCR difficult or impossible. In addition, a GC skew could also cause errors in the 
phylogenetic inferences, since not all methods for phylogenetic tree constructions can deal with such 
GC bias (see below). Secondly, the genes chosen for phylogenetic studies in this thesis should also be 
of interest from a functional and evolutionary point of view. These aspects in themselves are not 
important for resolving phylogenetic problems, but by selecting genes coding for e.g. transcription 
factors, growth factors and receptors, one can kill two birds with one stone: gain novel information 
about the phylogenetic relations of species and at the same time about e.g. important regions in the 
proteins encoded by the genes that are compared.
Gene sequence data can be of mitochondrial or nuclear origin. Both types of data have their 
advantages and disadvantages. Some advantages for choosing mitochondrial genes are that they are 
without any doubt orthologous and that recombination does not take place, or only extremely rarely 
(see Ladoukakis and Zouros 2001). Thus the gene genealogy is likely to follow the species phylogeny. 
Furthermore, it is technically relatively easy to determine mitochondrial gene sequences since all 
genes are in close proximity in a small genome, which makes direct cloning or PCR amplification 
more practicable. A disadvantage of using protein-coding mitochondrial genes is that they can be 
considered as ‘a single cistron’ with all genes taking part in the same cellular process and effectively 
forming one transcription unit. Thus, the different genes do not evolve independently of each other, 
and consequently mutations in one gene may trigger correlated parallel mutations in other genes which 
eventually may result in a wrong tree. Another disadvantage is that the rate of DNA substitution in the 
mitochondria may not be suitable for the phylogenetic question to be answered. It has been shown that 
most nuclear genes used in mammalian phylogeny perform much better per nucleotide than 
mitochondrial genes in resolving deep mammalian relationships (Springer et al. 2001).
A drawback of employing nuclear genes is the potential risk of using sequences of paralogous 
genes or pseudogenes as if they were orthologous. Such mistake obviously can lead to wrong 
inferences about phylogenetic relationships. However, in most cases the error will be detected since 
the placement of the paralogous gene in the tree will be ‘too odd’ to be true. Another problem with the 
many large gene families present in the nuclear genome is that evolutionary processes such as 
recombination, unequal crossing-over and gene conversion may blur the homologous or orthologous 
origin of a gene. The greatest advantage of using nuclear genes is that there are so many of them. 
Hence, it will always be possible to find genes which have the appropriate rates of substitution for the 
phylogenetic question in mind.
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Methods for phylogenetic tree construction
After collecting the sequence data they must be analyzed in order to determine the 
relationships of the species in question. The first step before performing any phylogenetic analyses is 
to create a multiple alignment of the sequences. In a multiple sequence alignment a matrix of the data 
is made, where the individual columns represent the character states at every homologous position in 
the sequences. The objective of any method for phylogenetic tree construction is to find the tree that 
fits the data best under a given optimality criterion. Three types of optimality criteria are most often 
used to calculate phylogenetic relationships: maximum parsimony, minimum distance - also called 
minimum evolution - and maximum likelihood. Maximum parsimony and maximum likelihood are so- 
called character-based methods, which means that each site in an alignment is considered as an 
independent character. Minimum distance is, as the name indicates, a distance-based method relying 
on the genetic distance between pairs of sequences.
Maximum parsimony
Under the maximum parsimony criterion the best tree is the one that minimizes the number of 
evolutionary changes given the data (Fitch 1971). The theorem of parsimony is that simpler solutions 
are being preferred over more complex ones, thus parsimony favors hypotheses that maximize 
congruence and minimize homoplasy (e.g., parallel, convergent, or superimposed changes). Maximum 
parsimony methods rely on the detection of phylogenetically informative sites, which are sites where 
one tree is preferred over others.
Minimum evolution
In minimum distance methods the pairwise evolutionary distances are estimated, as based on a 
pre-selected model of sequence evolution, and the tree where the sum of all branches is the shortest is 
constructed. For DNA sequences several models of sequence evolution have been developed (table 3). 
These models vary from the simple Jukes and Cantor (JC) model, which assumes that nucleotide 
frequencies are equal and that all possible substitutions equally likely (Jukes and Cantor 1969), to the 
complex General Time Reversal (GTR) model, which assumes that base frequencies are unequal and 
that each type of nucleotide substitution has its own rate (six rate parameters) (Lanave et al. 1984; 
Rodriquez et al. 1990; Yang 1994).
The first nine DNA models in table 3 (JC to GTR) are all restricted to follow a stationary 
homogeneous Markov process. That means that 1) the rates of changes are constant throughout the 
tree, and 2) base frequencies remain constant over time. In particular the assumption that base 
frequencies are constant between taxa may easily be violated, since lineage-specific base 
compositional bias (G-C bias) can occur as a consequence of e.g. different codon usage between 
species. To deal with such cases, where non-stationarity is observed, the LogDet/paralinear model of 
sequence evolution has been developed (Lake 1994; Lockhart et al. 1994; Steel 1994).
Exchangeability matrices for amino acid replacements have also been developed. In these 
matrices the probability of a change from one amino acid to an other has empirically been determined 
by simply counting the number of amino acid replacements in closely related proteins. Some of the 
first amino acid replacement matrices (the PAM matrices) have been developed by Dayhoff et al. 
(1978), which later were updated by Jones et al. (1992) in the so-called JTT matrix.
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Table 3. Different models of nucleotide sequence evolution and model parameters.
Model of sequence evolution
JC, (Jukes and Cantor 1969) equal base frequencies, one substitution type
F81, (Felsenstein 1981) unequal base frequencies, one substitution type
TAJNEI, (Tajima and Nei 1984) unequal base frequencies, one substitution type
K2P, (Kimura 1980) equal base frequencies, unequal transition/transversion (Ti:Ts)
F84, (Felsenstein 1984) unequal base frequencies, unequal Ti:Tv
HKY85, (Hasegawa Kishino and unequal base frequencies, unequal Ti:Tv
Yano 1985a)
K3P, (Kimura1981) equal base frequencies, 3 substitution types
TAMNEI, (Tamura and Nei 1993) unequal base frequencies, 3 substitution types
GTR, (Lanave et al. 1984; Rodri- unequal base frequencies, 6 substitution types
quez et al. 1990; Yang 1994)
LOGDET, (Steel 1994; Lake 1994; unequal base frequencies between sequence pair
Lockhart et al. 1994)
Model parameters
Gamma rate (r) rate heterogeneity among sites
p-invar (I) fraction of invariable sites
General assumptions used by all models of sequence evolution are that all sites can evolve and 
that every site evolves with the same rate. For protein-coding DNA this is certainly not the case, since 
third codon positions evolve faster than first and second codon positions - meaning rate heterogeneity 
among sites - and protein structural and functional constraints imply that some sites are not allowed to 
change. Two parameters are usually incorporated into the models of sequence evolution to deal with 
these assumptions: a discrete gamma (r) distribution with four to eight rate categories is often used to 
describe rate heterogeneity among sites (Yang 1993), whereas an invariable-sites model (I) is used to 
describe sites incapable of accepting changes (e.g., Hasegawa et al 1985b). Incorporation of these 
model parameters ( r  and/or I) in the different models of sequence evolution gives a fairly well 
description of most molecular data. It should be noted that the r  parameter can not be combined with 
the LogDet model of sequence evolution.
Maximum likelihood
A maximum likelihood (ML) method of phylogenetic inference evaluates the probability that a 
proposed model of sequence evolution gives rise to the data which is observed given the evolutionary 
history, i.e. the tree. Thus, given a model of sequence evolution and the data (e.g., the DNA 
alignment), the tree with the highest likelihood (the ML tree) can be estimated. As mentioned, the ML 
method is a character based method; the likelihood of a tree, as based on the data, is therefore the sum 
of the likelihoods of each site. This implies that each site is considered independently with respect to 
the tree. The models of sequence evolution and the model parameters that can be used in ML tree 
inference are the same as for minimum distance methods, except for the LogDet model (Table 3). The 
use of the ML method to estimate phylogeny from molecular data was first proposed by Cavalli- 
Sforza and Edwards (1967), for gene frequency data, but at that time the method was computationally 
too difficult to implement in a computer program. Later, algorithms were developed to construct ML 
phylogenetic trees from DNA sequence data (Felsenstein 1981; Adachi and Hasegawa 1995; Yang 
1997; Swofford 1998) and protein sequence data (Kishino et al. 1990; Adachi and Hasegawa 1995; 
Yang 1997; Felsenstein 2001).
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Which model of sequence evolution to use?
The 64000 $ question is of course: which model of sequence evolution should I use for my 
data? Or put in an other way, which model of sequence evolution is fitting my data the best? A 
powerful way to compare two models of DNA sequence evolution is by using a likelihood ratio test 
(LRT) (Goldman 1993; Yang et al. 1994; Huelsenbeck and Rannala 1997). The LRT is in fact one of 
the cornerstones in ML statistics, and is a solid statistical test by which competing hypotheses (e.g., 
two different models) are compared by employing a statistic which is based on the ratio of the 
likelihoods under the two competing hypothesis. If the two hypotheses are nested - which is the case 
for the different models in table 3 because all models are special cases of the GTR model - the LTR 
statistic will approximate a Chi-Square distribution. Thus, in these cases the Chi-Square distribution 
can be used as the critical value to judge if there is significant difference between the two models 
given a chosen significance value, e.g. 95%.
Which method to use?
Each of the methods for phylogeny reconstruction has its own advantages and disadvantages. 
Morphologists generally advocate maximum parsimony, whereas in recent years maximum likelihood 
methods have received ever more support from theoretical and molecular systematists. Unfortunately, 
it is often necessary to apply all commonly used methods in order to satisfy any potential reviewers 
who might prefer an other method than oneself. A thorough discussion of the pro's and con's of the 
different methods is beyond the scope of this introduction, but a few considerations are worth 
mentioning.
The parsimony criterion, selecting the tree(s) that require the fewest evolutionary changes, is 
often not fitting for molecular data. Only in cases where the number of changes per site is small will 
parsimony be as robust as ML in finding the correct tree (Goldman 1990; Steel and Penny 2000). 
When sequences become more diverse, the level of homoplasy (e.g., parallel, convergent or 
superimposed changes) increases, and the parsimony criterion that fewest evolutionary changes can 
describe the true tree becomes increasingly unrealistic. Moreover, in cases where the true tree has long 
terminal branches connected by short internal branches (the so-called Felsenstein zone), parsimony 
especially tends to group the long branches together, a phenomenon called long branch attraction, and 
thus resulting in a wrong tree (Felsenstein 1978; Huelsenbeck 1997).
The ML method is much less sensitive to long branch attraction than parsimony, since models 
used by the ML method can take superimposed changes into account. In fact, ML estimates of 
phylogeny will always converge to the true topology, as long as sufficient amounts of data are used 
and the model of sequence evolution fits the data (Chang 1996; Swofford et al. 1996; Rogers 1997). 
Another attractive feature of the ML method is that it is statistically well founded, which permits 
statistical comparison of different models, model parameters and competing trees (Whelan et al. 
2001). A disadvantage of the ML method is that it is computationally very demanding. When numbers 
of sequences become large, it is not possible to examine all possible tree topologies, and a heuristic 
search for the best tree must then be performed (see below). Although algorithms for heuristic tree 
searches have greatly been improved in recent years, we can not be sure that the best tree has actually 
been found (Swofford et al. 1996).
Since the same models of sequence evolution as used for ML methods are also used in
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minimum distance methods, one would intuitively think that minimum distance methods are as robust 
as ML methods in finding the optimal tree. This is however not the case. The most serious criticism of 
minimum distance is that by the transformation to pairwise genetic distances - each pair of sequences 
is considered independently of the other sequences - the evolutionary information present at different 
sites is lost (Steel et al. 1988).
Despite these various pitfalls, it is important to emphasize that if the data contain clear and 
sound signal for all nodes in a tree, the different phylogenetic reconstruction methods will all converge 
towards the same, and probably true, phylogenetic tree.
Finding the optimal tree
When the optimality criterion for constructing a phylogenetic tree has been selected, the tree 
best fitting the criterion has to be found. If the numbers of sequences are small (e.g. <10-14) an 
exhaustive tree search strategy can be used. An exhaustive tree search strategy is a method which 
systematically examines all possible relationships between sequences. An exhaustive search is 
however not possible when the number of sequences becomes too large. This is because the number of 
trees rises dramatically per newly added sequence. For example, the number of possible trees for nine 
sequences is 135,135, for ten sequences it is 2x106, for 20 sequences 2x1020 and for 50 sequences 
3x1074. It is therefore necessary to apply heuristic search strategies, where short-cuts or educated 
guesses are used for finding the optimal tree.
The most thorough strategy for heuristic tree searches is the branch-and-bound method. The 
branch-and-bound method will search through the tree space to find the best tree, in such a way that it 
ignores families of trees that can impossibly be better than the tree already found. Hence, the best tree 
will be found. Although a branch-and-bound strategy is often faster than an exhaustive search, it is 
computationally still very intensive when numbers of sequences are large. A heuristic tree search 
method, which is commonly used, is the Tree Bisection Reconnection (TBR) strategy (Swofford et al. 
1996). This method searches for a better tree topology by breaking a tree into two parts, and then 
reconnecting the two subtrees at all possible branches. If a better tree is found, it will be retained, and 
another round of TBR is started.
An important first step in heuristic tree searching is the choice of an initial tree for subsequent 
rearrangements. The closer a starting tree is to the best tree, the lesser number of rearrangements is 
likely to be necessary before the best tree is found, and the chances of being caught in a local 
maximum in tree space is the lowest. The initial tree can, for instance, be a randomly selected tree, or 
one's own favorite best tree, or a neighbor joining tree (see below), or a tree which has been built by 
stepwise addition of taxa to a growing tree. The stepwise addition method starts with an initial tree of 
three randomly taken taxa, to which new taxa are subsequently added, one at the time. At each 
addition the new taxon is evaluated on all branches, and the best tree solution is retained (Swofford et 
al. 1996).
The most commonly used method to obtain a phylogenetic tree from a minimum distance 
matrix is the neighbor joining (NJ) method (Saitou and Nei 1987). The NJ method starts with a star­
like tree - a tree in which all branches are connected at a single internal node - and successively joins 
pairs of neighboring taxa such that the total distance in the tree is minimized. After each joining step 
the two linked taxa are taken as a single ‘taxon’, and a new tree distance matrix with this ‘joined 
taxon’ is calculated before a new round of joining least-distance neighbor taxa is started. An improved
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version of the NJ method is the BIONJ method (Gascuel 1997). BioNJ uses the same algorithm as NJ 
for joining pairs of taxa, but it has a better criterion in selecting pairs of taxa to join, which performs 
better when distances between taxa are large (Gascuel 1997). A great advantage of the NJ method, to 
which it thanks its popularity, is the speed by which a tree is constructed. But it should be noted that a 
NJ-based phylogeny should never be considered as the final best tree based on the minimum distance 
criterion (Swofford et al. 1996).
Statistical tests of phylogenetic trees
Once the best tree solution has been found, under a certain optimality criterion, one would like 
to know how reliable this best tree is and to which degree the different relationships in the tree are 
supported by the data. A commonly used method to assess confidence in an inferred tree is by non- 
parametric (NP) bootstrapping (usually just called bootstrapping), which first was introduced into 
phylogenetics by Felsenstein (1985). In NP bootstrapping new data sets are created by random 
resampling from the original data. The new data sets are of the same size as the original data set, but 
some sites may be represented more than once, whereas other sites may not be present at all. From the 
new (bootstrapped) data sets phylogenetic trees are calculated and a consensus tree is made from the 
different trees. The number of times a node is supported in the consensus tree is taken as the 
confidence for this node. If a node is supported by 95% or more in the consensus tree it often is taken 
as significant, whereas support values lower than 75% are considered as non-significant support. But if 
a node has a support value between 75% and 95% it can be difficult to interpret the significance of 
such support (Whelan et al. 2001). It has been suggested that NP bootstrapping may be too 
conservative in evaluating tree confidence (Hillis and Bull 1993). In parsimony, the decay or Bremer 
support index (Donoghue et al. 1992; Bremer 1994) can be used to judge the support of a 
monophyletic group (a node in a tree) by calculating the number of extra evolutionary changes needed 
to make this group paraphyletic (absence of this node in the tree).
Tests for evaluating if there is significant difference between two competing hypotheses are 
often used in phylogenetic analyses, especially in parsimony and likelihood analyses. What one would 
like to know is whether an observed difference in score between two trees is significant or could also 
have happened by chance or random error. For parsimony, the Templeton/winning sites test 
(Templeton 1983; Prager and Wilson 1988) employs a Wilcoxon ranked sum to calculate the number 
of characters in favor of each of the two competing trees. A statistical test is then performed to 
evaluate whether the observed difference in competing characters is significantly different from what 
could be expected from a random distribution of characters.
Another test, which is commonly used, is the Kishino Hasegawa (KH) test (Kishino and 
Hasegawa 1989). In the KH test the null hypothesis - that the tree score or length between the two 
trees is zero - is tested against the score-distribution at each site by a paired t-test, taking the sampling 
variance into account. If there is no a priori expectation that the tree scores of the two trees are 
different, a two-tailed t-test should be used, whereas if there is an a priori expectation that one tree is 
better than the other, the null hypothesis is violated and the KH test can not be used. Thus, the KH test 
can only be used for a priori competing hypotheses, such as derived from independent datasets or 
other evidence, and not for a posteriori competing hypothesis such as comparing the best tree with the 
second best tree solution (see Swofford et al. 1996; Goldman et al. 2000).
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One way to test if there is significant difference between two a posteriori competing 
hypotheses is by performing parametric bootstrapping (also known as Monte Carlo simulation) (Hillis 
et al. 1996; Hulsenbeck et al. 1996; Shimodaira and Hasegawa 1999; Goldman et al. 2000). In 
parametric bootstrapping new data sets with the same length are simulated, based e.g. on the null­
hypothesis (such as the second best tree) and the same model of sequence evolution used to find the 
two competing hypotheses. The newly simulated data sets can then be used to estimate new tree scores 
of the null-hypothesis (the second best tree). The distribution of the differences in tree scores between 
the simulated data and the null-hypothesis as compared to the difference between the two competing 
hypothesis (the best and second best tree solution) is then used to judge if there is significant 
difference between the two competing hypothesis. Besides evaluating the significance of differences 
between a posteriori competing hypothesis, parametric bootstrapping is also very useful for various 
other purposes, such as determining the sources of systematic bias (e.g. long branch attraction), 
sequence model fitting and predicting how much data may be needed for getting a reliable phylogeny 
(Hillis et al. 1996).
Genes used in this thesis
Alpha 2B adrenergic receptor
The alpha 2B adrenergic receptor (A2AB) belongs to the family of G protein-coupled 
receptors (GPCRs). The GPCR family is with more than 616 members in the human genome (Venter 
et al. 2001) the largest family of cell-surface molecules involved in signal transmission. A variety of 
ligands can activate GPCRs, like hormones, odorant molecules, peptides and neurotransmitters. As the 
name indicates, GPCRs can interact with heterotrimeric G proteins (a, ß and y subunits) and upon 
activation by a ligand a conformational change allows exchange of GDP for GTP on the G protein a- 
subunit. The activated Ga and Gß/Y subunits then stimulate effector molecules such as adenylyl cyclase 
and ion channels, which subsequently leads to the activation or inhibition of the production of 
secondary messengers like cAMP. Besides this ‘traditional’ signaling pathway, research has indicated 
in recent years that activation of GPCRs can stimulate a variety of other signaling pathways, of which 
several are not mediated by G proteins (Marinissen and Gutkind 2001; Perry and Lefkowitz 2002).
The regulation of GPCR activity is mediated by arrestin-dependent desensitization and 
internalization. When a ligand binds to the receptor, the latter becomes phosphorylated. Arrestins can 
subsequently bind to the liganded receptor, which leads to uncoupling of G proteins from the receptor, 
and to receptor internalization into endosomes. In the endosomes the GPCR can either be recycled 
back to the cell-surface or trafficked to lysosomes for degradation (Pierce and Lefkowitz 2001; Tsao et 
al. 2001). In the cell membrane GPCRs form dimeric or oligomeric complexes, which can be homo- or 
heteromeric. The state of these complexes (homo-, hetero-, di- or oligomeric) has been shown to be an 
important determinant in regulating ligand binding and thereby signaling (Devi 2001).
All GPCRs are characterized by a structure comprising a bundle of seven transmembrane 
(TM) helical domains, connected by three extra- and three intracellular loops, and have an 
extracellular N-terminus and an intracellular C-terminus (figure 4; Baldwin 1993). The GPCR family
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Figure 4. Predicted secondary structure of the human alpha 2B adrenergic receptor (A2AB) based on the crystal 
structure of bovine rhodopsin (Palczewski et al. 2000). The gray cylinders indicate that in addition to the seven 
transmembrane (TM) helices there is a short a-helix in the intracellular C-terminal tail, which is attached to the 
membrane through a palmitoylated cysteine, as indicated. Residues conserved in the alpha 2 adrenergic receptor 
family (A2AA, A2AB, A2AC & A2AR; SWISS-PROT names) are marked in gray. Double lined circles indicate 
the ‘glutamic acid’ domain in the very long third intracellular loop. Conserved residues used to align A2AB with 
bovine rhodopsin, to enable the prediction of the TM a-helical regions, are indicated by asterisks (*).
can be divided into six groups: class A to E and the frizzled/smoothened family (Bockaert and Pin 
1999; Horn et al. 2001; http://www.gpcr.org/7tm/). Class A receptors, to which A2AB belongs, form 
by far the largest and best studied family of GPCRs, and are characterized by binding mostly small 
ligands inside the helical bundel. They have a conserved aspartate in the second TM helix, a tripeptide 
DRY/EWY at the intracellular end of the third TM helix, which is involved in G protein coupling, 
several other conserved residues in their TM domains, and a cysteine in the C-terminal tail which is 
palmitoylated (Ceresa and Limbird 1994; Oliviera et al. 1994; Strader et al. 1995; Scheer et al. 1996). 
The crystal structure is only known for one GPCR, namely rhodopsin, which is a class A receptor 
(Palczewski et al. 2000).
A2AB is a receptor for catecholamines, such as adrenaline. Together with the two other alpha
2 adrenergic receptors A and C it plays an important role in various cellular processes such as central 
and peripheral control of circulation and control of secretion. Knockout studies in mouse have shown 
that lack of A2AB influences viability, response to salt-induced hypertension, and blood pressure 
changes upon agonist treatment (Link et al. 1996, Makaritsis et al. 1999 & 2000). A2AB mainly 
mediates the inhibition of adenylyl cyclase via coupling to Gl/o proteins (Limbird 1988), but
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stimulation of adenylyl cyclase via coupling to the Gs proteins has also been reported (Eason et al.
1992). This biphasic response seems to depend on the concentration of agonist, where low 
concentrations lead to inhibition and high concentration to stimulation of adenylyl cyclase.
A2AB has a length of about 450 amino acid residues (figure 4), and is encoded by a single 
copy intronless gene located on chromosome 2 in human (Lomasney et al. 1990). The expression of 
A2AB in different tissues has not been totally clarified, but a distinct expression in various tissues, 
mostly in the periphery and with highest expression in the kidney has been reported (e.g., Eason and 
Liggett 1993; Link et al. 1996). Special features of A2AB are the lack of N-linked glycosylation sites 
in the extracellular domains, and a very long third intracellular loop which contains a characteristic 
glutamic acid repeat (figure 4). This glutamic acid domain has been suggested to be required for 
agonist-promoted phosphorylation of the third intracellular loop and desensitization of A2AB, since 
deletion of this repeat or replacement by glutamines abolishes these effects of agonist treatment 
(Jewell-Motz and Liggett 1995). The importance of this acidic strand was further confirmed by the 
phenotype of an allelic deletion mutant in human. This mutant, which lacks three glutamic acid 
residues in the acidic strand of the third intracellular loop, shows a significant decrease in agonist­
promoted phosphorylation and lack of desensitization (Small et al. 2001). The mutant allele has also 
been associated with reduced metabolic rate in obese subjects, and is a genetic risk factor for acute 
coronary events (Heinonen et al. 1999; Snapir et al. 2001), but does not play a role in hypertension 
(Baldwin et al. 1999). The third intracellular loop has also been shown to be necessary for 
microtubule-dependent sorting of A2AB to the cell surface (Saunders and Limbird 1999).
Aquaporin 2
Aquaporin 2 (AQP2) is a member of the aquaporin (AQP) family, formerly called the major 
intrinsic protein (MIP) family, which are channel-proteins that selectively facilitate transport of small 
molecules such as water, urea and glycerol across cell membranes. The AQP family can be classified 
into two major clusters, the AQP cluster and the glycerol facilitator-like protein (GLP) cluster 
(Heymann and Engel 1999; Zardoya and Villalba 2001). The two clusters are suggested to be 
descendents of two homologous bacterial genes with similar functions (Park and Saier 1996). Ten 
representatives of the AQP family are present in mammals, with seven (AQP 0, 1, 2, 4, 5, 6, 8) being 
selective in transport of water and belonging to the AQP cluster, and three (AQP 3, 7 and 9) being 
permeable for water, glycerol and urea, and belonging to the GLP cluster (Heymann and Engel 1999; 
Zardoya and Villalba 2001). All AQPs are thought to be structurally more or less similar, and recently 
the crystal structure of AQP1 has been determined (Murata et al. 2000; Ren et al. 2001). The structure 
of AQPs consist of six tilted transmembrane (TM) a-helices (figure 5) which form a right-handed 
bundle. The six TM helices are connected by five loops (A-E in figure 5), with the N- and C-termini 
located intracellularly (e.g. Preston et al. 1994; Murata et al. 2000). AQP sequences consist of two 
repeated halves, each comprising three TM helices, and supposed to be the result of an intragenic 
duplication (Wistow et al. 1991; Reizer et al. 1993). In loop B and E a highly conserved motif Asn- 
Pro-Ala is present; these two motifs dip into the membrane from opposite sides, thereby forming the 
aqueous pore as was predicted by the hourglass model (figure 5, bottom left) (Jung et al. 1994; Murata 
et al. 2000). Most AQPs form homotetramers in the cell membrane (Verbavatz et al. 1993; van Hoek 
et al. 1998), with each monomer being a functional unit (Preston et al. 1993; Shi et al. 1994).
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Figure 5. Secondary structure of human aquaporin (AQP) 2 as predicted from the crystal structure of human 
AQP 1 (Murata et al. 2000). Residues marked gray are conserved among the seven human AQPs belonging to 
the AQP cluster (see text). Double lined residues indicate the highly conserved Asn-Pro-Ala motifs in loops B 
and E, which bend back into the membrane to form the aqueous pore as predicted by the hourglass model 
(bottom left).
AQP2 has a length of 271 amino acid residues. It is encoded by a single copy gene, comprised 
of four exons, and located in an AQP gene cluster on chromosome 12 in human (Uchida et al. 1994; 
Deen et al. 1994a; Ma et al. 1996). AQP2 is exclusively expressed in the kidney collecting duct where 
it is located in the apical plasma membrane and apical vesicles (Fushimi et al. 1993; Nielsen et al. 
1993; Ma et al. 1994). It plays an exclusive role in the vasopressin-dependent concentration of urine 
(Deen et al. 1994b). Mutations in the human AQP2 gene have been shown to cause nephrogenic 
diabetes insipidus (e.g., Deen et al. 1994b; Tamarappoo and Verkman 1998; Kuwahara et al. 2001). 
Patients with this disease are unable to produce concentrated urine, which consequently can lead to 
dehydration. One of these mutants has been shown to result in retention of AQP2 in the Golgi complex 
(Mulder et al. 1998), whereas all other AQP2 mutants are impaired in their export from the 
endoplasmic reticulum, probably because of misfolding of the mutated AQP2 proteins (Deen et al. 
1995; Mulder et al. 1997).
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Aim and outline of thesis
The aim of this thesis project was to resolve the phylogenetic relationships amongst mammals 
in general, and eutherians in particular, by means of molecular sequence comparisons. Simultaneously, 
the molecular evolution of the nuclear-encoded genes to be compared should be described. The 
importance of achieving a robust and well resolved tree, which consequently - or hopefully - will be 
the true mammalian tree, are multifarious: 1) in relation to biomedical studies it can help to decide 
which animals are the best choice as model animals for human diseases; 2) in genome research it can 
help choosing mammalian genomes for sequencing; 3) it is important to determine if proteins or 
species display deviating molecular evolutionary mechanisms; 4) it can be used as a scaffold for 
reconstructing morphological evolution; and 5) it can be related to biogeographic knowledge.
In chapter 2 the molecular evolution of exon 1 of aquaporin 2 is analyzed, and further support 
is given that aardvarks and elephant shrews group together with Paenungulata (elephants, sea cows 
and hyraxes) in an African clade (later dubbed Afrotheria).
In the following chapters (3-5) Afrotheria is recognized to also include two families of 
endemic African insectivores, golden moles and tenrecs, consequently necessitating the division of the 
order Insectivora into two groups, one group with African origin (Afrosoricida) and one with 
Laurasian origin (Eulipotyphla). Furthermore, the radiation of the different Afrotherian orders, which 
all have African origins, is related to Africa’s isolation during the mid Cretaceous to early Cenozoic.
The division of the eutherian orders in four major groups is described, for the first time, in 
chapter 6. This result is achieved by combining different genes into a single data matrix, thereby 
getting better resolution at the deep level of the eutherian tree. This four-partition of eutherians is 
subsequently used to describe parallel adaptive radiations in two of the four major clades of eutherian 
mammals.
Chapter 7 describes the molecular evolution of the mammalian alpha 2B adrenergic receptor, 
determined in the context of the previous phylogenetic studies, in relation to its structure and function.
Finally, in chapter 8, the most important results and conclusions of this study are summarized 
and discussed in relation to recent developments in the field, and with regard to their implications for 
further research.
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A 328-bp sequence from exon 1 of the gene for aquaporin-2 (AQP2) was compared in 12 mammalian species, repre­
senting as many eutherian orders. This sequence encodes the N-terminal half of this kidney-specific water channel 
protein. Most amino acid replacements, as well as an insertion, have occurred in extracellular loops connecting the 
transmembrane helices, in agreement with a lower functional importance of these loops. Phylogenetic analyses were 
performed with parsimony, distance and maximum likelihood methods. The AQP2 data set, alone as well as in 
combination with previously published aA-crystallin protein sequences, strongly supports a clade consisting of 
elephant, hyrax, aardvark and elephant shrew, reaching bootstrap values of 99%. This finding fully agrees with the 
only other presently available sequence data sets that include these taxa, those of von Willebrand factor and 
interphotoreceptor-retinoid binding protein, and suggests that this extended paenungulate clade is one of the most 
conspicuous superordinal groupings in eutherian phylogeny. Some support was obtained for an artiodactyl/ 
perissodactyl clade, while the grouping of pholidotes with edentates was contradicted.
Introduction
The divergence of the major groups of placental 
mammals occurred in the Cretaceous, about 100 million 
years ago (Archibald 1996; Hedges et al. 1996). Because 
of their relatively rapid radiation, the resolution of the 
phylogenetic relationships between the 18 orders of liv­
ing eutherian mammals is intrinsically difficult. Indeed, 
comparison of recent reviews about eutherian ordinal 
phylogeny reveals distressingly little consensus, both 
within and between molecules and morphology (Benton 
1988; Novacek 1992; Graur 1993; Honeycutt and Ad­
kins 1993; Szalay Novacek, and McKenna 1993; Allard, 
McNiff, and Miyamoto 1996). A major reason for the as 
yet limited progress in the resolution of mammalian 
ordinal phylogeny is the lack of adequate molecular data 
sets, covering orthologous sequences from a sufficiently 
broad array of orders. This is especially true for such 
traditionally problematic orders as Pholidota (pangolins), 
Hyracoidea (hyraxes), Tubulidentata (aardvarks) and Ma- 
croscelidea (elephant shrews). Pholidota have usually 
been considered a sistergroup to the Edentata (sloths, 
anteaters and armadillos) (Patterson 1978; Novacek
1992), but certain morphological studies (McKenna 
1975; Rose and Emry 1993) and the scanty protein 
sequence and serological data (de Jong and Goodman 
1 9 8 2 ; Shoshani 1986; Czelusniak et al. 1990; de Jong, 
Leunissen, and Wistow 1993; Sarich 1993) contradict 
this view, and rather suggest some relation with 
carnivores. As for Hyracoidea, morphologists are 
undecisive (Novacek 1992) whether to place them with 
Perissodactyla (Fischer and Tassy 1993; Prothero 1993) 
or with Proboscidea and Sirenia in the Paenungulata 
(Simpson 1945; Shoshani 1986). The molecular data,
however, unequivocally support their inclusion within the 
Paenungulata (de Jong, Zweers, and Goodman 1981; 
Czelusniak et al. 1990; Lavergne et al. 1996; Porter, 
Goodman, and Stanhope 1996; Stanhope et al. 1996). 
Morphologically, Tubulidentata is now generally given 
an unresolved position within the Ungulata (Artiodac- 
tyla, Cetacea, Perissodactyla and Paenungulata) (Patter­
son 1978; Thewissen 1985; Novacek 1992), but a group­
ing with Insectivora still gets support (Gaudin et al. 
1996). Serological data (Shoshani 1986; Sarich 1993), 
but especially molecular sequences (de Jong, Zweers, and 
Goodman 1981; Czelusniak et al. 1990; Porter, 
Goodman, and Stanhope 1996; Stanhope et al. 1996) 
firmly group aardvark with Paenungulata. Macrosceli- 
dea, originally grouped with Insectivora, are now on a 
morphological basis generally placed as an outgroup of 
the Glires (Novacek 1992; Gaudin et al. 1996), although 
a derivation from Condylarthra - the ungulate ancestors - 
has also been proposed (Hartenberger 1986; Simons, 
Holroyd, and Brown 1991) (for review, see Butler 1995). 
Consistent with the latter proposition is the growing 
molecular evidence that elephant shrews form a 
monophyletic clade with elephants, sea cows, hyraxes 
and aardvarks (de Jong, Leunissen, and Wistow 1993; 
Porter, Goodman, and Stanhope 1996; Stanhope et al. 
1996).
To help resolve the disputed affinities of the above 
four orders, we decided to determine sequences of a 
suitable protein-coding gene from the nuclear DNA of 
relevant mammalian species. The aquaporin-2 (AQP2) 
gene was chosen because it is, in man, a single copy gene 
- located on chromosome 12 - (Deen et al. 1994a) and 
demonstrates a promising degree of sequence difference 
between man (Uchida et al. 1994) and rat (Fushimi et al.
1993). The encoded protein has, moreover, interesting 
evolutionary and biomedical features. Aquaporins are 
water channel proteins that facilitate selective water 
transport across cell membranes in a variety of tissues 
(Agre, Brown, and Nielsen 1995). AQP2 is exclusively 
expressed in the kidney collecting duct,
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where it is responsible for the vasopressin-dependent 
concentration of urine (Fushimi et al. 1993; Nielsen et al. 
1993; Ma et al. 1994). Mutations in this gene cause 
nephrogenic diabetes insipidus in man (Deen et al. 
1994b; van Lieburg et al. 1994). AQP2 and the other four 
known mammalian AQPs belong to the ubiquitous major 
intrinsic protein (MIP) family, which transport small 
molecules across membranes. These proteins are 
predicted to consist of six bilayer-spanning a-helices, 
with the NH2- and COOH-termini located intracellularly 
(Gorin et al. 1984; Preston et al. 1994). The protein 
consists of two repeated halves, supposed to be the result 
of an intragenic tandem duplication (Wistow, Pisano, and 
Chepelinsky 1991; Reizer, Reizer, and Saier 1993). The 
first half is encoded by exon 1 of the AQP2 gene and 
consists of 121 amino acids.
It is the coding region of this exon 1 that we now 
have sequenced in 10 mammalian species. Together with 
the published rat and human sequences, these provide a 
data set representing 12 eutherian orders. Though rela­
tively short, these sequences contain considerable phy­
logenetic signal, which has been analyzed, also in com­
bination with sequences of the eye lens protein aA-crys- 
tallin from the same taxa.
Material and Methods
Aquaporin-2
The AQP2 sequences reported here are from the 
following species and orders: nine-banded armadillo 
(Dasypus novemcinctus; Edentata), Indian elephant (Ele- 
phas maximus; Proboscidea), aardvark (Orycteropus 
afer; Tubulidentata), elephant shrew (Marcoscelides 
proboscideus; Macroscelidea), Cape hyrax (Procavia 
capensis; Hyracoidea), pangolin (Manis sp; Pholidota), 
rabbit (Oryctolagus cuniculus; Lagomorpha), horse 
(Equus caballus; Perissodactyla), dog (Canis familiaris; 
Carnivora), and bovine (Bos taurus; Artiodactyla). The 
AQP2 sequences from rat (Fushimi et al. 1993) and 
human (Uchida et al. 1994) were extracted, as published, 
from the EMBL database. The primers AQp2fOR (5'- 
GCA GCA TGT GGG ARC TNM G-3') and AQP2REV 
(5'-CTY ACI GCR TTI ACN GCN AGR TC-3'), 
spanning positions -5  to +14 and +343 to +364, 
respectively, of the first exon of AQP2 were used for 
PCR (numbers refer to the first nucleotide of the start 
codon as +1). PCR reactions were performed in 50 |al, 
con-taining 20 mM Tris-HCl, pH 8.4; 50 mM KCl; 1-2 
mM MgCl2; 0.27% Tween 20; 0.27% Nonidet P40; 0.2 
mg/ml BSA; 200 dNTP (Boehringer Mannheim and 
Gibco BRL); 0.4 - 5 ^M of each primer; 1 U of Taq 
DNA polymerase (provided by Dr. Wiljan Hendriks, 
University of Nijmegen); and 50-500 ng of genomic 
DNA as template. Reactions were carried out in a Biome­
tra (Tampa, FL) TRIO-thermoblock using the following 
program: 7 min at 95 °C, 30 cycles of 2 min at 95 °C, 1 
min at 54 - 62 °C and 30 sec at 72 °C, and finally, 5 min 
at 72 °C. PCR products were ligated directly into a T/A 
cloning vector (Invitrogen or Promega) according to the 
manufacturers' instructions, followed by transformation 
in E. coli JM109. Clones containing AQP2 inserts were 
isolated by means of filter hybridization using an 800-bp
fragment of rat AQP2 cDNA as probe. Sequences in both 
directions were determined from at least three indepen­
dently obtained PCR products, using the Sequenase 
version 2.0 sequencing kit (UBS). All sequences have 
been deposited in the EMBL database under the 
accession numbers Y10629-Y10638.
aA-Crystallin
Sequences of aA-crystallin used in this study were 
obtained from the Swissprot database, except the human 
sequence, which was obtained from the EMBL database, 
and the elephant shrew (Macroscelides proboscideus) 
sequence, which was as reported in de Jong, Leunissen, 
and Wistow (1993). Species, orders and accession num­
bers were: bovine (Bos taurus; Artiodactyla), P02470; 
three-fingered sloth (Bradypus variegatus; Edentata), 
P02487; dog (Canis familiaris; Carnivora), P02473; 
horse (Equus caballus; Perissodactyla), P02478; African 
elephant (Loxodonta africana; Proboscidea), P02498; 
Malayan pangolin (Manis javanica; Pholidota), P02498; 
aardvark (Orycteropus afer; Tubulidentata), P02501; 
Cape hyrax (Procavia capensis; Hyracoidea), P02499; 
rabbit (Oryctolagus cuniculus; Lagomorpha), P02493; rat 
(Rattus norvegicus; Rodentia), P02490; human (Homo 
sapiens; Primates) P02489.
Phylogenetic analyses
Sequences were aligned using the PILEUP program 
from the GCG package (Devereux, Haeberli and Smith­
ies 1984), followed by manual editing to obtain maxi- 
mum-similarity alignments. DNA data were analyzed 
with the following methods: (1) the Stationary Markov 
Model (SMM) (Saccone et al. 1990) to calculate pair­
wise genetic distances and the NEIGHBOR and Dr Aw - 
GRAM programs to construct the phylogenetic trees 
(Felsenstein 1993) and (2) the maximum-likelihood 
method by using the DNAML program of the PHYLIP 
package (Felsenstein 1993) assuming transition/trans­
version ratios of 1.5, 2.0, 2.5, 3.0 and 5.0, and random­
izing the order of input four times. Protein data were 
analyzed as follows: (1) with the maximum-parsimony 
method by using the PAUP program (Swofford 1993);
(2) with the maximum-likelihood method by using the 
PROTML program (Adachi and Hasegawa 1992); and
(3) with the Kimura (1983) method to calculate pairwise 
genetic distances with the PROTDIST program of the 
PHYLIP package and the NEIGHBOR and DRAW- 
GRAM programs to construct the phylogenetic trees. The 
statistical significance of molecular phylogenies was 
assessed with the bootstrap simulation technique by using 
the SEQBOOT and CONSENSE programs of the 
PHYLIP package.
Results and Discussion
Molecular Evolution of Aquaporin-2
Exon 1 of the gene for AQP2 codes for the first 121 
amino acids of this protein, which span the N-terminal 
extension, three transmembrane domains, the inter­
domain loops A and B, and most of the connecting
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F ig . 1. -  Predicted secondary structure of human aquaporin-2. Residues conserved within the mammalian aquaporin family are shown in gray. 
Residues that vary between the 12 mammalian AQP2 sequences (cf. fig. 3) are black. Black arrow indicates the end of exon 1; dashed arrows 
demarcate the AQP2 sequence described in this study; asterisks locate the functionally important NPA boxes. The insertion of two residues in loop A 
of elephant shrew is indicated.
peptide C (fig. 1). Based on the rat and human sequenc­
es, degenerated PCR primers were designed to amplify 
on genomic DNA a 328-bp fragment of the AQP2 exon
1, coding for residues 6-114. Unambiguous PCR prod­
ucts were obtained, cloned and sequenced from 10 
mammalian species representing as many orders. The 
obtained DNA sequences (fig. 2) and the deduced amino 
acid sequences (fig. 3) were aligned with their rat and 
human counterparts. The similarity between the different 
AQP2 proteins varies between 81% and 97%. From fig­
ures 1 and 3 it appears that most of the variation at the 
protein level is concentrated in the extracellular loops A 
and, as far as determined, C. In loop A, an insertion of 
two residues occurred in elephant shrew AQP2. Despite 
this variability, it seems that two prolines are required in 
loop A, probably to allow a correct bending of this short 
peptide between two transmembrane helices. As is 
obvious from figures 1 and 3, none of the conserved 
residues in the aquaporin family has been replaced in the 
mammalian AQP2 sequences. This is all in agreement 
with the structural topology as predicted by the 
"hourglass" model, where the Asn-Pro-Ala sequence in 
loop B is assumed to combine in the membrane with a 
similar "NPA box" in loop E to form the pore responsible 
for the transport of water (Jung et al. 1994). This model 
suggests no special function for loops A, C, and D. The 
hourglass model is derived from studies of AQP1, but 
also fits for AQP2, as based on functional analyses of 
AQP2 mutants involved in nephrogenic diabetes 
insipidus (Deen et al. 1994b; van Lieburg et al. 1994; 
Mulders et al. 1996). However, recently another structure 
has been proposed for AQP2 (Bai et al. 1996) which 
predicts that loops C and D are equally as important as
loops B and E in the formation of the aqueous pathway. 
Although only seven residues of loop C have been 
compared, it is striking that four out of these seven 
positions show conspicuous variability. This would argue 
against an important role of loop C in AQP2, and rather 
favours the hourglass model.
Phylogenetic Analyses
Aquaporin-2
To study the relationships between eutherian or­
ders, a marsupial would have been the outgroup of 
choice. However, attempts to amplify the AQP2 gene of 
an opossum and a kangaroo remained unsuccessful. We 
therefore resorted to using the armadillo as outgroup, 
considering that Edentata are generally hypothesized to 
be the most basal extant eutherian order (McKenna 1975; 
Novacek 1992; Allard, McNiff, and Miyamoto 1996; but 
see Gaudin et al. 1996), although molecular data to 
support this notion are scarce.
Visual inspection of the protein alignment in fig­
ure 3 already reveals, apart from the usual homoplasia, 
the most conspicuous phylogenetic signal. Fourteen 
phylogenetically informative positions are present. The 
only occasion where a combination of several unique 
amino acid replacements occurs in different species is 
seen in elephant, hyrax, aardvark, and elephant shrew. 
Three unequivocally apomorphous replacements solely 
occur in these four species: 15 A^-S, 58 A^-T and 107 
I^-L, while also the replacements at position 87 may 
reflect a shared derived origin. These synapomorphic 
replace-ments are indeed the result of unique point 
mutations in the DNA (fig. 2).
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15 ▼  84 
ctccatagccttctccagggctgtgttcgcagagttcctggccacactcctcttcgtcttctttggcctc 
g-------------------- c---c-t------------------------------------------- 1
g-------------------- j,--------------------------------------------------
g---------------- a---------- t-c----------------------------------------1
g---- c-------------- g-----1— c-------------- g--------1-------- c-----g
a--------------- c-a--a---c-g— t------1------- g-----1— t-------------- 1
g--gg-g-------------- c---c-g— c-------------- c---a------------- c-----g
85 148
ggctctgccctcaactggccacag..... gccctgccctctgtgctacagattgccatggcgtttggct
---- a------------------ ---------a---------- c--g-------------- c--c---c
---- a------------------ ---------1------------- g-----c-------- c--c— tc
---- a-------------- g----------------- g--c-----g-----c-------- c--c---c
---- a------------------ ------------------------g-------------- c--c---c
---- g------------------ --------------------g---g-----c-------- t--c---c
---- a-------- 1------ agcaccgtcc--a-c---a-c— a--g-----ct-------1------ c
---- a--------------- tc-..... — g----- t--cacat-g-----c-------- 1------ c
---- a------c-g---g-cagc..... t---ca----------- c-----c---g----c-----tc
---- g-------g------g-------------------- g-----g-----c— gc----c--c---c
149 ▼  218
tgggtattggcaccctggtacaggctctgggccacataagcggggcccacatcaaccctgccgtgactgt
---cc--c---- g-----g-----g--------- g-c---------------------c--g-----g--
219 288
ggcctgcctggtgggctgccacgtctccgttctccgagccgccttctacgtggctgcccagctgctgggg
a--------c----------- 1------t-c--a------ct------- 1------- 1------------
-----------------------------t- c-------- t-------------------------------
289 ▼  342
Human gctgtggccggagccgctctgctccatgagatcacgccagcagacatccgcggg
Horse c a g t a c a c c aa
Bovine g c a c ct a
Dog c a g t c c gc g t a
Pangolin c a g t a c a
Elephant a c a c t c t t
Hyrax t g t c a c c c t
Aardvark a g c a c a c
Elephant shrew a t c a ca c a
Rabbit —  c--------g-------------- c----------- g- - c— gg----t- - c
Rat c t g t ca c t t t a t
Armadillo —  c---- g - - c-----ca - c-----c-------- c— gc - c---g - g------
F ig  2 .-  Alignment o f  the nucleotide sequences from exon 1 o f  the AQP2 gene from 12 mammalian species. Position numbers are according 
to the human sequence (Uchida et al. 1994) with the first nucleotide o f  the start codon as 1. Hyphens denote nucleotide identities and periods 
indicate gaps. Arrowheads indicate the positions o f  three synapomorphous substitutions in aardvark, elephant shrew and paenungulates.
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Human 
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Pangolin 
Elephant 
Hyrax 
Aardvark 
Elephant shrew 
Rabbit 
Rat 
Armadillo
V* * * * VSIAFSRAVFAEFLATLLFVFFGLGSALNWPQ..ALPSVLQIAMAFGLGIGTLVQAL 59 
--------L-----------------------..-------------- A--------
-V------------------------------..------------------------
-------------------------------- ..-------------- A--------
---------S----------------------..-------------- A------T­
---------S---------------------STVPI-T----S-----A------T­
-------------------------------S..----T------------------
--------L------------------ Q-AS..SP-------V-------1-----
i >a-helix< 11—  A  --n > a-helix< □
Human 
Horse 
Bovine 
Dog 
Pangolin 
Elephant 
Hyrax 
Aardvark 
Elephant shrew 
Rabbit 
Rat 
Armadillo
* * * * * * * * * * *GHISGAHINPAVTVACLVGCHVSVLRAAFYVAAQLLGAVAGAALLHEITPADIRG
--V-------------------- F---------------------------PHV--
----------------------- F---------------------------P----
I------------B ------------ 11 ï> a-helix i--C --
114
FIG 3. -  Alignment of the deduced amino acid sequences of AQP2 from 12 mammalian species. Position numbers follow the human sequence, 
with the initiation methionine as 1. Hyphens denote amino acid identities, periods indicate gaps, asterisks show residues conserved throughout the 
mammalian aquaporin family and arrowheads indicate synapomorphous replacements in aardvark, elephant shrew, and paenungulates. The putative 
transmembrane helices and connecting loops A-C are indicated (cf. fig. 1).
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FIG. 4. -  Consensus tree, based on the amino acid sequences 
derived from exon 1 of AQP2 (cf. fig.3). Majority-rule consensus trees 
were obtained both by the maximum-parsimony method using the 
PAUP program (Swofford 1993) and by the neighbor-joining method 
(Saitou and Nei 1987) as applied on a distance matrix calculated 
according to Kimura (1983). In these trees, all nodes supported by 
bootstrap values under 50% were collapsed into polytomies, resluting in 
the same topology for both methods. Bootstrap percentages are based on
1,000 replications and represented for the maximum-parsimony and 
neighbor-joining methods (top and bottom values, respectively). 
Armadillo was used as outgroup for both methods.
This observation is fully corroborated by the phy­
logenetic analyses of the aligned amino acid and nucle­
otide sequences of AQP2. The amino acid sequences 
were analyzed by maximum-parsimony and Kimura/ 
neighbor-joining methods (fig. 4). In both cases, the only 
significant phylogenetic relationship was found to be in 
the clade consisting of elephant shrew, aardvark, hyrax 
and elephant, supported by bootstrap values of 89% and 
90% for the maximum-parsimony and Kimura/neighbor- 
joining methods, respectively. The same clade is again 
the first to be recognized by the maximum-likelihood 
analysis as carried out by using the program PROTML 
(Adachi and Hasegawa, 1992):(((elephant, hyrax), aard­
vark), elephant shrew) (further data not shown). Within 
this clade, all three methods weakly supported the ele­
phant and hyrax as sister groups. Figure 5 shows the 
consensus tree similarly obtained by both the SMM/ 
neighbor-joining method and the maximum-likelihood 
method, on first and second codon positions of AQP2 
DNA sequences. The clade including elephant shrew, 
aardvark, hyrax and elephant is also supported at the 
DNA level by bootstrap values of 78% and 89% for the 
SMM/neighbor-joining and maximum-likelihood meth­
ods, respectively. No other clade obtained convincing 
and consistent support from the AQP2 data with all 
methods.
89
90
C H A P T E R  T W O 46
F ig . 5. -  Consensus tree, based on first and second codon 
positions of AQP2 exon 1 DNA sequences (cf. fig. 2). Majority-rule 
consensus trees were obtained both by the neighbor-joining method 
(Saitou and Nei 1987) using the distance matrix as calculated with the 
Stationary Markov Model (Saccone et al. 1990) and by the maximum 
likelihood method (DNAML with transition/trans vers ion ratio 2.0; 
Felsenstein, 1981). All nodes supported by bootstrap values under 50% 
in both these trees were collapsed into polytomies, resulting in the 
presented topology. Bootstrap percentages are based on 100 replications 
and represented for the neighbor-joining and maximum-likelihood 
methods (top and bottom values, respectively). Armadillo was used as 
outgroup.
Combined Aquaporin-2 and aA-Crystallin
The eye lens protein aA-crystallin is the only other 
protein for which sequences are known from the same 12 
orders (including Pholidota) as described for AQP2. in 
order to see if additional phylogenetic information could 
be retrieved, the AQP2 and aA-crystallin amino acid 
sequences representing these 12 orders were tandemly 
combined, aligned, and subsequently subjected to the 
same phylogenetic analyses as the AQP2 amino acid 
sequence data. The combined amino acid sequences 
together have a length of 282 amino acids, except for the 
combined elephant shrew sequence (length 248 residues) 
and the edentate sequence (combined armadillo AQP2 
and three-fingered sloth aA-crystallin, length 279 
residues). Phylogenetic analyses of the tandemly aligned 
data set even more strongly supported a close 
phylogenetic relationship between elephant shrew, 
aardvark, hyrax, and elephant, with bootstrap values of 
99% for both the maximum- parsimony method and for 
the Kimura/neighbor-joining method (fig. 6). The 
parsimony analysis required 102 steps and gave only one 
tree. Both methods also weakly supported some other 
superordinal clades, notably those grouping bovine and 
horse, and rat and rabbit. Also, the maximum-likelihood 
(PROTML) analysis on this combined data set supported 
the elephant/hyrax/elephant shrew/aardvark clade in all 
of the 32 top ranking trees, while the horse/cow and 
rat/rabbit clades received support in 28 and 25 of the 32 
trees, respectively (data not shown).
F ig . 6 . -  Consensus tree, based on the tandemly combined 
protein seqences of AQP2 exon 1 and aA-crystallin. Majority-rule 
consensus trees were obtained both by the maximum-parsimony method 
using the PAUP program (Swofford 1993), and by the neighbor-joining 
method (Saitou and Nei 1987) applied on a distance matrix calculated 
by using the method of Kimura (1983). All nodes supported by 
bootstrap values under 50% in both trees were collapsed into 
polytomies. Bootstrap percentages as based on 1,000 replications, are 
represented for the maximum-parsimony and neighbor-joining methods 
(top and bottom, respectively). Edentates was used as outgroup.
Paenungulate Phylogeny
Molecular sequence evidence showing that not only 
aardvark but - surprisingly - also elephant shrews should 
be grouped in one clade with the paenungulates was first 
obtained from the eye lens protein aA-crystallin (de 
Jong, Zweers, and Goodman 1981; de Jong, Leunissen, 
and Wistow 1993). This evidence is now fully supported 
by the AQP2 sequences and even more strongly 
supported by the recent studies of exon 28 of the von 
Willebrand factor (vWF) (Porter, Goodman, and 
Stanhope 1996) and of exon 1 of interphotoreceptor re­
tinoid binding protein (IRBP) (Stanhope et al. 1996). 
Within this clade, the Aq P2, vWF and IRBP data all 
indicate that hyrax is more closely related to Tethytheria 
(elephants and sirenians; McKenna 1975) than are 
aardvark and elephant shrew. aA-Crystallin, and as a 
consequence the combined AQP2/aA-crystallin protein 
analyses, place elephant as the first branch off the clade, 
probably as the result of a single back mutation (de Jong, 
Leunissen, and Wistow 1993). The branching order of 
elephant shrew and aardvark is less clear, although the 
analyses of especially vWF, but also AQP2 and - 
depending on the method - IRBP, suggest that aardvark is 
closer to elephant and hyrax than is elephant shrew.
The various paleontological and morphological ev­
idence to support the widely diverging opinions about the 
relationships of hyrax, aardvark, and elephant shrew has 
been amply discussed by Porter, Goodman, and Stanhope 
(1996) and Stanhope et al. (1996). Molecular sequences 
had until recently contributed little to solving these 
phylogenetic problems. Four data sets are now available 
that include these orders as well as a sufficient number of 
other eutherian orders. The fact that these data sets
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consistently and independently provide strong support for 
a close relationship of aardvark and elephant shrew with 
Paenungulata leaves little doubt that this clade represents 
one of the most conspicuous lineages in eutherian 
radiation. Evidence from a single nuclear gene can easily 
be dismissed by assuming hidden paralogy, or invoking a 
molecular evolutionary mechanism like gene conversion 
or homoplasia due to functional constraints. Such 
explanations can not apply, however, to the genes coding 
for proteins with such diverse structures and functions as 
aA-crystallin, vWF, IRBP and AQP2. It is puzzling why 
this pronounced phylogenetic signal at the molecular 
level is apparently not paralleled by similarly convincing 
paleontological and morphological evidence.
Pholidote Relationships
Although no other phylogenetic relationships 
gained consistent support from the AQP2 data itself or in 
combination with aA-crystallin, some trends are 
noteworthy. AQP2 and aA-crystallin are the only avail­
able sequences yet for pangolins. aA-Crystallin alone 
placed pangolin within an unresolved ensemble of arti- 
odactyls, cetaceans, carnivores and perissodactyls (de 
Jong and Goodman 1982; de Jong, Leunissen, and Wis­
tow 1993). It actually was depicted as the sistergroup of 
bears because of a possibly homoplastic replacement. 
However, the pangolin was clearly far removed from 
edentates, which branched off at the root of the 
eutherians. Similarly, the AQP2 data do not support a 
sister group relationship of pholidotes and edentates, in 
agreement with the considerable and growing mor­
phological evidence that contradicts such a grouping 
(McKenna 1975; Rose and Emry 1993). However, the 
combined AQP2 and aA-crystallin evidence (fig. 6) does 
not significantly support clustering of pangolin with any 
other order either.
Other Superordinal Clades
Artiodactyls and perissodactyls are associated in the 
SMM/neighbor-joining and maximum-like lihood 
analyses of the Aq P2 DNA sequences (fig. 5), as well as 
in maximum-parsimony and Kimura/neighbor-joining 
analyses of the combined AQP2/aA-crystallin protein 
sequences (fig. 6). Perissodactyls are also placed closest 
to the artiodactyl/cetacean clade in the IRBP analyses 
(Stanhope et al. 1996) and in earlier analyses of five to 
seven combined protein sequences (Czelusniak et al. 
1990). Also, the maximum-parsimony analysis of the 
combined mitochondrially encoded proteins from spe­
cies representing up to seven eutherian orders supports 
this grouping, but neighbor-joining analyses of these 
proteins and of the RNA-coding mitochondrial genes 
rather place perissodactyls and carnivores as sister groups 
(D'Erchia et al. 1996; Xu, Janke, and Arnason 1996). 
Neither grouping is in agreement with the prevailing 
morphological opinion, which places Perissodactyla 
closer to the Paenungulata (Novacek 1992; Prothero
1993).
Finally, it is remarkable that the cohort Glires gets 
some support in the analyses of the combined AQP2 and 
aA-crystallin sequences (fig. 6). Also the IRBP data set 
gave some evidence for such a grouping of rodents and 
lagomorphs (Stanhope et al. 1996), which is otherwise 
strongly refuted by most molecular analyses (Graur, 
Duret, and Gouy 1996; D'Erchia et al. 1996).
This study shows that even a relatively short se­
quence - 328 bp from the first exon of the AQP2 gene - 
may provide significant phylogenetic signal. It is a fur­
ther indication that there is no reason anymore for Simp­
son's (1945) pessimistic view that the eutherian radiation 
would be irresolvable. It is clear, however, that many 
more nuclear genes, as well as complete mitochondrial 
genomes, need to be analyzed in a sufficiently broad 
sampling of species to convincingly resolve the higher 
level mammalian phylogeny.
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The order Insectivora, including living taxa (lipotyphlans) and 
archaic fossil forms, is central to the question of higher-level 
relationships among placental mammals1. Beginning with 
Huxley2, it has been argued that insectivores retain many primi­
tive features and are closer to the ancestral stock of mammals than 
are other living groups3. Nevertheless, cladistic analysis suggests 
that living insectivores, at least, are united by derived anatomical 
features4. Here we analyse DNA sequences from three mito­
chondrial genes and two nuclear genes to examine relationships 
of insectivores to other mammals. The representative insectivores 
are not monophyletic in any of our analyses. Rather, golden moles 
are included in a clade that contains hyraxes, manatees, elephants, 
elephant shrews and aardvarks. Members of this group are of 
presumed African origin5,6. This implies that there was an exten­
sive African radiation from a single common ancestor that gave 
rise to ecologically divergent adaptive types. 12S ribosomal RNA 
transversions suggest that the base of this radiation occurred 
during Africa's window of isolation in the Cretaceous period
before land connections were developed with Europe in the 
early Cenozoic era.
Relationships among orders of placental mammals have proved 
difficult to resolve1 . To extend the available mitochondrial (mt) 
sequences, a 2. 6 -kilobase (kb) segment containing the 12S rRNA, 
valine transfer RNA, and 16S rRNA genes was sequenced for nine 
taxa to generate a data set that is representative of 1 2  of the 18 
placental orders and all three insectivore suborders4. Phylogenetic 
analyses provide strong support for well-established mammalian 
clades such as carnivores, hominoids, and Cetacea plus Artiodactyla 
(Fig. 1a). In agreement with other molecular studies7 - 1 0  that 
included an assortment of taxa, most interordinal associations are 
not resolved at bootstrap values >75%. However, the mtDNA data 
do provide strong support for the association of the two paen- 
ungulates (hyrax, manatee) together, and of these with elephant 
shrews, aardvarks and golden moles (Fig. 1a and Table 1). The 
association of hyraxes with proboscideans and sirenians was sug­
gested by Cope11. A competing hypothesis is an association of 
hyraxes with perissodactyls12. Our results agree with earlier 
protein 13 ,14 and DNA studies7 - 1 0  supporting Cope’s paenungulate 
hypothesis. In addition to bootstrap support, T-PTP15 and Kishino- 
Hasegawa16 tests also support paenungulate monophyly (Table 2). 
Anatomical data provide some evidence that aardvarks and/or 
elephant shrews may be related to paenungulates1 7 ,1 8 but suggest 
other hypotheses as well: for example, six osteological features are 
putative synapomorphies uniting elephant shrews with lagomorphs 
and rodents19. All the available sequence data, including amino-acid 
sequences13,14, DNA sequences for three nuclear genes8-10, and the 
present mitochondrial genes, support an association of aardvarks 
and elephant shrews with paenungulates. What is most unexpected 
is that golden moles, a family of insectivores, are also part of this 
clade. 12S rRNA sequences earlier suggested an association of 
golden moles with paenungulates, but did not provide convincing 
bootstrap support for this hypothesis7. Our expanded data set 
demonstrates that insectivores are not monophyletic (Table 2)
Table 1 Bootstrap support fo r select clades based on different methods
Clade
Paenungulata Paenungulata + aardvark 
+ elephantshrew 
+golden mole
Mitochondrial DNA
Parsimony 99 95
Transversion parsimony 64 90
Minimum evolution
Tamura-Nei I 100 92
Tamura-Nei II 100 78
Logdet 99 90
Maximum likelihood 100 100
vWF
Parsimony
All positions 49 99
1st and 2nd positions 24 65
3rd positions 51 93
Transversion parsimony 30 95
Minimum evolution
Tamura-Nei I 37 99
Tamura-Nei II 30 99
Logdet 43 97
Maximum likelihood 78 100
A2AB
Parsimony
All sites 71 88
1st and 2nd positions 49 81
3rd positions 31 67
Transversion parsimony 71 54
Minimum evolution
Tamura-Nei I 83 84
Tamura-Nei II 28 25
Logdet 79 78
Maximum likelihood 81 89
Only two of the three paenungulate orders were represented among the mitochondrial and 
A2A b sequences. Tamura-Nei271 and II distances were calculated by using an equal-rates 
assumption and a gamma-distribution of rates, respectively.
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Figure 1 Majority-rule parsimony bootstrap trees based on mitochondrial (a), 
vWF (b), and A2AB (c) sequences. Bootstrap values and decay indices, 
respectively, are above and below branches. The minimum-length tree (3,836 
steps; consistency index, 0.430) for the mitochondrial data is 4, 7,43 and 66 steps 
shorter than trees that constrain shrew + hedgehog, rodent monophyly, insecti­
vore monophyly, and hyrax + horse, respectively. Insectivore monophyly and a 
hyrax-perissodactyl association require 29 and 64 additional steps, respectively, 
in comparison to five minimum-length vWF trees (2,401 steps; consistency index, 
0.511). Insectivore monophyly requires 26 additional steps in comparison to the 
shortest A2AB tree (1,469 steps; consistency index, 0.730).
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Table 2 Significance levels of T-PTP and Kishino-Hasegawa tests
Constraint Mitochondrial DNA vWF A2AB
T-PTP KH-P KH-L T-PTP KH-P KH-L T-PTP KH-P KH-L
Perissodactyls + hyracoids 0.01 0.0011-0.0022 <0.0001 0.00 <0.0001 <0.0001 MT MT MT
Insectivore monophyly 0.05 <0.0001 0.0001 0.01 0.0311 0.0477 0.00 0.0002-0.0067 0.0001
In each case, trees with constraints were compared against either minimum length (T-PTP, KH-P) or highest likelihood (KH-L) trees. T-PTP tests were based on 100 permutations. KH-P 
Kishino-Hasegawa test with parsimony; KH-L, Kishino-Hasegawa test with maximum likelihood; MT, missing taxa.
Table 3 Divergence times (Myr) based on 12S rRNA transversions
Divergence event N Mean Standard Standard
deviation error
Among Paenungulates 3 54.8 4.2 2.4
Paenungulates to golden mole 3 67.1 8.7 5.0
Paenungulates to aardvark 3 74.0 12.0 6.9
Paenungulates to elephant shrew 3 79.9 9.9 5.7
African clade to other 13 orders 78 91.1 15.5 1.6
and that golden moles, elephant shrews, aardvarks and paenungu- 
lates are part of the same clade.
To corroborate these findings, we obtained sequences from exon 
28 of the von Willebrand factor (vWF) gene for golden mole, 
hedgehog and pangolin. Adding these to the existing vWF data 
set9, we found high bootstrap support for the inclusion of golden 
moles with paenungulates, elephant shrews and aardvarks (Fig. 1b 
and Table 1). Sequences from the a-2B adrenergic receptor gene 
(A2AB) also support the association of golden moles with paenun­
gulates, elephant shrews and aardvarks (Fig. 1c and Table 1). 
Parsimony and maximum-likelihood trees supporting the paenun- 
gulate-golden m ole-aardvark-elephant shrew clade are signifi­
cantly better than the best trees that constrain insectivore 
monophyly (Table 2).
This expanded clade, which includes five placental orders plus 
golden moles, has not been previously hypothesized on the basis of 
morphological or molecular data. Elephants, sirenians, hyraxes, 
golden moles, aardvarks and elephant shrews show a variety of 
ecological and morphological specializations and it is not surprising 
that morphology has not elucidated their common ancestry, now 
evident from DNA sequences. It is notable that all six of these groups 
are of probably African origin or, in the case of the aquatic sirenians, 
from along the margins of the former Tethys Sea5,6,13. In two cases 
(golden moles and elephant shrews), geographic distribution has 
been restricted to Africa for the complete temporal range of these 
taxa5. Thus geographic evidence adds to the molecular data in 
support of this ‘African origin’ clade. The radiation of the African 
clade parallels endemic radiations of other vertebrate taxa on 
Southern Hemisphere continents during the breakup of Gondwana­
land; for example, marsupials and passerine birds in Australia20, and 
marsupials, edentates and notoungulates in South America5.
Paenungulate orders diverged from each other 51 to 59 million 
years (Myr) ago, as deduced from 12S rRNA transversions (Table 3). 
Deeper in the African clade, average divergence times between 
paenungulates and other lineages range from 67 to 80 Myr. The 
mean divergence time between taxa in the African clade and the 
other 13 orders of placental mammals is ~91 Myr. These divergence 
times support the hypothesis that many eutherian orders arose 
before the extinction of dinosaurs at the end of the Cretaceous2 1  and 
imply that conventional views on the origins of the African mammal 
fauna5 are incorrect. Africa’s window of isolation extended from the 
Late Cretaceous, when Africa became separated from South Amer­
ica, to the early Cenozoic, when tenuous connections developed 
between northern Africa and Europe. The window of isolation 
extended from at least 80 Myr (ref. 20), if not earlier, until the early 
Cenozoic. The traditional view is that condylarths, prosimian 
primates and creodont carnivores reached Africa from the north 
after the docking of Africa with Europe5. From the condylarth stock, 
groups such as proboscideans and sirenians ostensibly originated in
Africa. Other elements of the African mammal fauna, including 
perissodactyls, artiodactyls, insectivores and living carnivore 
families, presumably arrived in the Neogene with the establishment 
of the Arabian Peninsula. Evidence for an extensive African clade, 
including taxa with divergence times as old as 80 Myr, is inconsistent 
with this view. The ancestor of the African clade probably resided in 
Africa before the window of isolation and did not arrive from the 
north in the early Cenozoic. The role of geographic isolation and 
continental break-up in the early diversification of placental mam­
mals is potentially more important than previously recognized.
Methods
Am plification and sequencing. 12S rRNA and tRNA genes were amplified 
and sequenced as described22.16S rRNA genes were amplified using primers for 
valine-tRNA (for example, 5'-tacaccyaraagatttca-3') and leucine-tRNA (for 
example, 5'-agaggrtttgaacctctg-3') and sequenced. Accession num bers for the 
new m itochondrial sequences (Echymipera kalubu  (bandicoot); Dromiciops 
gliroides (m onito del monte); Sorex palustris (shrew); M anis  sp. (pangolin); 
A m blysom us hottentotus (golden mole); Procavia capensis (hyrax); Trichechus 
m anatus  (manatee); Orcyteropus afer (aardvark); Elephantulus rufescens 
(elephant shrew)) are U97335-U97343. 12S rRNA sequences for several of 
these taxa have been deposited in GenBank (M95108 (golden mole), U61073 
(m onito del monte), U61079 (pangolin), U61083 (manatee), U61084 (hyrax)). 
Accession num bers for additional mitochondrial sequences are as follows: cow 
(J01394); blue whale (X72204); fin whale (X61145); horse (X79547); cat 
(U20753) harbour seal (X63726); grey seal (X72004); hum an (J01415); gorilla 
(D38114); orang-utan (D38115); guinea-pig (L35585); hedgehog (X88898); rat 
(X14848); mouse (J01420); opossum (Z29573); platypus (U33498; X83427). 
Exon 28 of the vWF gene was amplified and sequenced as described9. Accession 
num bers for M anis sp., Erinaceus europaeus (hedgehog), and Am blysom us  
hottentotus vWF sequences are U97534-U97536. Additional vWF sequences 
are from ref. 9. Part o f  the single-copy, intronless A 2A B  gene was amplified 
using the primers A2ABFOR (5'-asccctactcngtgcaggcnacng-3') and A2ABREV 
(5'-ctgttgcagtagccdatccaraaraaraaytg-3'). PCR products were cloned into a T/ 
A cloning vector (Promega) and both  strands were sequenced for at least two 
clones using the Therm o Sequenase fluorescent-labelled prim er cycle sequen­
cing kit (Amersham). Accession num bers for the new A 2A B  sequences (Elephas 
m axim us (elephant); Orycteropus afer (aardvark); Macroscelides proboscideus 
(elephant shrew); A m blysom us hottentotus (golden mole); Procavia capensis 
(hyrax); Erinaceus europaeus (hedgehog); Talpa europaea (mole)) are Y12520- 
Y12526. Additional a -2  adrenergic sequences are M34041 (human); M32061 
(rat); (L00974) (mouse), and U25722-U25724 (guinea-pig).
Sequence alignment and phylogenetic analysis. Sequences were aligned 
using CLUSTAL W  (ref. 23). rRNA alignments were modified in view of 
secondary structure24,25. Ambiguous regions were om itted from subsequent 
analyses26; this resulted in 2,152, 1,261 and 1,132 nucleotide positions, 
respectively, for the mt, vWF and A2AB genes. The mt, vWF and A2AB data 
sets contain 810, 497 and 393 informative sites, respectively. Phylogenetic 
analyses (parsimony, m inim um  evolution with Tam ura-N ei27 and Logdet28 
distances, m axim um  likelihood under the HKY85 (ref. 29) model) were 
conducted with PAUP 4.0d52-54, written by D. L. Swofford. The m itochondrial 
tree was rooted using platypus and marsupial sequences. The vWF tree was 
rooted with the sloth7; alternatively, rooting with either hedgehog or rodents 
supports the ‘African’ clade and contradicts insectivore monophyly. For the 
A2AB tree, sequences with the suffix B are from the A2AB subfamily. 
GuineaPigA and GuineaPigC sequences are from other subfamilies in the a-2 
adrenergic receptor family and were used as outgroups. Bootstrap analyses used 
full heuristic searches with 500 replications for parsim ony and m inim um
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evolution and 100 replications for m axim um  likelihood. Shape parameters for 
the gamma distribution were estimated from m inim um  length trees26 and were
0.32.(mtDNA), 0.59 (vWF) and 0.52 (A2AB).
Divergencetimes. 12S rRNA transversions accumulated linearly as far back as 
the eutherian-m etatherian  split24. N ine independent cladogenic events were 
selected based on 12S rRNA sequence availability and paleostratigraphic 
data10,24,30 (for example, Rattus  to M us  (14 Myr); Sus to Tayassu (45 Myr); 
rum inants to Cetacea (60 Myr); Erinaceus to M etatheria (130Myr)). Relative 
rates were calculated in reference to xenarthrans. Tam ura-N ei transversion 
distances (transversions only) were adjusted for relative rate differences30 
against the xenarthran standard. Rate-adjusted estimates o f sequence diver­
gence were regressed against paleostratigraphic divergence estimates for each of 
the nine calibration points (origin forced through zero; r2 =  0.97; 
P  =  0.0000002). The resulting equation (divergence time (in Myr) =  sequence 
divergence/0.00063) was used to estimate interordinal divergence times after 
making similar adjustments for relative rates. Additional details will be 
presented elsewhere (M.S., m anuscript in preparation).
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A so lu tion  to  h igh er level m am m alian  phylogeny is  
go in g  to  d ep en d  on the co n gru en t e stab lish m en t o f 
su p e ro rd in a l g ro u p in gs fo llow ed by a  lin k in g  togeth er 
o f th ese  c lad es. We p re se n t co n gru en t an d  convincing 
ev iden ce  from  fo u r d isp a ra te  n u c le ar  p ro te in  cod in g  
gen es an d  from  a  tan d em  align m en t o f the 12S-16S 
m ito ch on dria l region , fo r  a  su p e ro rd in a l c lad e  o f en ­
dem ic A frican  m am m als th a t in clu d es e lep h an t shrew s, 
a a rd v ark s , go lden  m ole, e lep h an ts, s iren ian s , an d  hy- 
rax e s . B e cau se  o f s tro n g  su p p o rt fo r  go lden  m ole a s  
p a r t  o f  th is c lad e , the In sectiv o ra  a re  re n d ered  para- 
ph yletic  o r  polyph yletic , w ith co n stra in ed  m onophyly 
o f the in sec tiv o re s ju d g e d  sign ifican tly  w orse  in  the 
v a s t  m ajo rity  o f te sts . B ran ch in g  arran g em e n t w ithin  
th is c lad e  rem ain s h igh ly  u n certa in ; how ever, a  ta n ­
dem  align m en t o f the p ro te in  co d in g  gen es su g g e sts  
e lep h an t sh rew  is  the e a r lie s t  A frican  lin eage . None o f 
the in d iv id u al d a ta  se ts  o r  co m b in ation s o f d a ta  se ts  
su p p o rt the w idely  h eld  v iew  o f a  m irord er T ethyth eria  
(S iren ia/P ro b osc id ea), a lth o ugh  only a  tan dem  a lig n ­
m ent o f p ro te in  cod in g  an d  m itoch on dria l loci s ig n ifi­
can tly  re je c ts  th is a sso c ia tio n . T he m ajo rity  o f the d a ta  
se ts  an d  an a ly ses  prov ide  stro n g  su p p o rt fo r  Caviom or- 
p h a  a s  p a r t  o f  a  m onophyletic R oden tia .
IN TRO D U CTIO N
Few areas of systematic investigation have attracted 
more interest than higher level mammalian phylogeny. 
The evolutionary history underlying the branching 
arrangement of the 18 orders of eutherian mammals 
has been an area of active research and controversy for 
over a century. The resolution of this complex problem 
undoubtedly lies through the stepwise construction of 
the true tree through a gradual assembling of superor­
dinal groupings as they become established. Phyloge­
netic congruence between disparate data sets remains 
our best means of evaluating which branching arrange­
ment most likely represents the true tree. We feel we 
have congruently established one such superordinal 
grouping that will have important implications in the 
way we regard mammalian evolution.
Aardvarks (order Tubulidentata), elephant shrews 
(order Macroscelidea), and the paenungulates (orders 
Sirenia, Proboscidea, and Hyracoidea) are mammals of 
presumed African origin that we have demonstrated, 
using a variety of different types of molecular loci, form 
a strongly supported monophyletic superordinal group­
ing. This same congruent cluster of five orders comes 
from amino acid sequence analysis of alphaA-lens 
crystallin (de Jong et al., 1993), and DNA sequence 
analysis of exon 28 of the gene encoding von Willebrand 
Factor (vWF; Porter et al., 1996), exon 1 of the interpho­
toreceptor retinoid binding protein gene (IRBP; Stan­
hope et al., 1996), and aquaporin-2 (AQP2; Madsen et 
al., 1997). Most recently we have identified an impor­
tant new addition to this clade, in the golden mole 
(Springer et al., 1997). This insectivore joins this super­
ordinal group with the same convincing bootstrap 
support and does so at the exclusion of the other 
insectivores in our data sets (hedgehog, mole, and 
shrew), rendering the order Insectivora either paraphy- 
letic or polyphyletic. This latest phylogenetic hypoth­
esis of ours is congruently supported from DNA se­
quence analysis of the mitochondrial 12S + tRNA 
valine + 16S, exon 28 vWF, and the gene encoding 
alpha adrenergic receptor. These genes are of highly 
disparate function (arguably, in the case of the mtDNA 
ribosomal loci vs the nuclear protein encoding loci, as 
different as possible) and come from different genomes. 
This therefore adds several further convincing loci to 
the growing list of genes in support of this African clade 
and provides an important addition to this phyloge­
netic grouping, in the African golden mole. Importantly, 
like the previous five orders of mammals, the golden 
moles are endemic African mammals.
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This clade, now composed of five orders and a portion 
of a sixth, has important implications for the study of 
mammalian evolution. The monophyly of this superor­
dinal grouping of endemic African mammals implies 
that there was an extensive African radiation from a 
single common ancestor that gave rise to ecologically 
divergent adaptive types. Geographic evidence, in other 
words, adds to the molecular data in support of the 
African origin of this clade. This adaptive radiation of 
the African clade parallels endemic radiations of other 
vertebrate taxa on southern hemisphere continents 
during the break-up of Gondwanaland. Notably, the 
divergence times for members of this clade, estimated 
from 12S rRNA transversions, suggest that the base of 
this radiation occurred during Africa's window of isola­
tion in the Cretaceous before tenuous land connections 
were developed with Europe in the early Cenozoic, 
which in turn implies that the conventional view of a 
European condylarth ancestry for the origin of these 
African mammals is incorrect [see Springer et al. (1997) 
for a more complete discussion]. Lastly, the demonstra­
tion of a paraphyletic or polyphyletic Insectivora calls 
for a revaluation of our current taxonomic arrangement 
for Eutheria.
Any phylogenetic hypothesis, particularly one with 
these sorts of implications, needs to be examined 
critically and thoroughly. The purpose of the present 
paper is to expand several of these data sets, in terms of 
taxonomic representation (including the addition of the 
golden mole to the AQP2 data set where it had previ­
ously been missing), and to examine in more detail the 
level and nature of support for this African phyloge­
netic hypothesis, as well as the branching arrangement 
within the clade.
MATERIALS AND M ETHODS
This study expands, in terms of taxonomic represen­
tation, several already existing higher level mamma­
lian data sets. The previous IRBP (interphotoreceptor 
retinoid binding protein) data set (Stanhope et al.,
1996) was rooted at sloth, which may not necessarily 
represent the earliest eutherian branch. For the pre­
sent analysis we use the opossum sequence from Stan­
hope et al. (1992) as an outgroup. The other addition to 
this IRBP data set includes our cetacean sequences 
from Smith et al. (1996), for a total of 31 species, 
representing all orders except Monotremata and Pholi- 
dota (see Table 1 for a complete list of sequences and 
their accession numbers).
Additions to the vWF (von Willebrand Factor) data 
set of Springer et al. (1997) include human (Homo 
sapiens), spider monkey (Ateles belzebuth), galago 
(Galago crassicaudatus), rat (Rattus norvegicus), mouse 
(Mus domesticus), Tadarida brasiliensis, Cynopterus 
sphinx, dog (Canis familiaris), and harbor porpoise 
(Phocoena phocoena). Of these, human, galago, dog,
mouse, Tadarida, and Cynopterus appeared in the 
earlier trees of Porter et al. (1996). Additional sequence 
positions were added to several previously incomplete 
sequences from Porter et al. (1996), including cow, 
galago, Tadarida, tree shrew, and cat, completing (or 
very nearly) the 1.3-kb exon 28 fragment for these taxa. 
Harbor porpoise and spider monkey are newly acquired 
and no portion of these sequences appears elsewhere. 
PCR and sequencing for vWF is as described in Porter 
et al. (1996). This particular vWF data set included 32 
species, representing all orders of eutherian mammals 
(Table 1). Analyses were conducted with trees rooted at 
sloth.
To the previous data set for alpha-2B adrenergic 
receptor (A2AB) of 11 taxa (Springer et al., 1997), we 
add five new sequences including the opossum (Didel- 
phis virginiana), rabbit (Oryctolagus cuniculus), cow 
(Bos taurus), horse (Equus caballus), and dugong (Dug­
ong dugon). PCR and sequencing are as described in 
Springer et al. (1997). The A2AB primers amplify an 
approximately 1.2-kb fragment; however, not all these 
data can be unambiguously aligned because of a glu­
tamic acid repeat approximately 850 bp downstream of 
the start codon of this single exon. This repeat region, 
as well as a 9-bp stretch of ambiguous indels approxi­
mately 750 bp into the exon, were removed from the 
alignment, resulting in 1137 aligned positions for 16 
taxa representing 12 orders (Table 1). The opossum, 
however, could not be unambiguously aligned between 
626 and 701 and between 775 and 890 of this 1137-bp 
sequence alignment. As a consequence, in analyses of 
these A2AB data with opossum as outgroup, these 
ambiguous regions were excluded from the sequence 
alignment. Because of the undesirability of excluding 
approximately 20% of the data, A2AB was also ana­
lyzed without opossum and with rodents instead serv­
ing as the outgroup.
The original aquaporin-2 (AQP2) data set included 
12 mammalian species (Madsen et al., 1997). To this 
sequence alignment we add five additional species, 
including the guinea pig (Cavia porcellus), dugong (D. 
dugon), hedgehog (Erinaceus europaeus), mole (Talpa 
europaea), and golden mole (Amblysomus hottentotus), 
for a total data set of 17 taxa representing 14 orders for 
the aligned 328 bp exon 1 (Table 1). PCR and sequenc­
ing are as described in Madsen et al. (1997). All trees 
were rooted at armadillo.
The previous 12S-16S mammalian data set included 
25 taxa, representing 12 placental orders, marsupials, 
and monotremes (Springer et al., 1997). To this data set 
we add African elephant, Loxodonta africana (Table 1). 
All potentially ambiguous regions of this alignment 
were exclude from analyses resulting in 2146 sequence 
positions. PCR and sequencing are as described in 
Springer et al. (1997). Trees were rooted at platypus.
All of the foregoing sequence alignments are avail­
able from the EMBL file server under the following
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TA BLE 1
S p ec ies , G enes, an d  the C o rresp on d in g  G en B an k  A ccession  N um bers o f  Seq u en ces U sed  in  T h is S tu d y
Species IRBP vWF A2AB AQP2 12S-16S
Three toed sloth, Bradypus tridactylus U48708 U31603
Armadillo, Dasypus novemcinctus Y10637
Elephant shrew, Elephantulus rufescens U48584 U31612 U97339
Elephant shrew, Macroscelides proboscideus Y12524 Y10630
Dugong, Dugong dugon U48583 U31608 Y15946* Y15948*
Manatee, Trichechus manatus U97337, U61083
Aardvark, Orycteropus afer U48712 U31617 Y12522 Y10632 U97338
Hyrax, Procavia capensis U48586 U31619 Y12523 Y10631 U97335, U61084
African elephant, Loxodonta africana U48711 U31615 U60182, AF039436*
Asian elephant, Elephas maximus U31611 Y12525 Y10629
Golden mole, Amblysomus hottentotus U97534 Y12526 Y15952* U97336, M95108
Rough-toothed dolphin, Steno bredanensis U48713
Pilot whale, Globicephala macrorhynchus U50821
Harbor porpoise, Phocoena phocoena AF061060*
Gray whale, Eschrichtius robustus U50649
Minke whale, Balaenoptera acutorostrata U50820
Fin whale, Balaenoptera physalus X61145
Blue whale, Balaenoptera musculus X72204
Giant sperm whale, Physeter catodon U50818
Pygmy sperm whale, Kogia breviceps U50819
Pig, Sus scrofa U48588 S78431
Cow, Bos taurus J04441 X63820, AF004285* Y15944* Y10633 J01394
Horse, Equus caballus (vWF: E. asinus) U48710 U31610 Y15945* Y10634 X79547
White rhino, Ceratotherium simum U31604
Mole rat, Spalax polinicus U48589 U31621
Mouse, Mus domesticus Z11813 U27810 L00974 J01420
Rat, Rattus norvegicus U50044 M32061 D13906 X14848
Guinea pig, Cavia porcellus U25723 Y15947* L35585
Agouti, Dasyprocta agouti U31607
Rabbit, Oryctolagus cuniculus Z11812 U31618 Y16189* Y10636
Pangolin, Manis sp. U97535 Y10635 U97340, U61079
Shrew, Sorex palustris U48587 U97343
Hedgehog, Erinaceus europaeus U97536 Y12521 Y15949* X88898
Mole, Talpa europaea Y12520 Y15951*
Macrotus californicus U48585
Tonatia bidens Z11810
Tonatia silvicola Z11829
Megaderma lyra U31616
Tadarida brasiliensis U31623, AF061061*
Pteropus hypomelanus Z11809
Cynopterus sphinx U48709 U31605
Dobsonia moluccensis U31609
Cat, Felis catus Z11811 U31613, AF061062* U20753
Dog, Canis familiaris L76227 Y10638
Harbor seal, Phoca vitulina X63726
Gray seal, Halichoerus grypus X72004
Flying lemur, Cynocephalus variegatus Z11807 U31606
Tree shrew, Tupaia glis Z11808 U31624, AF061063*
Galago, Galago crassicaudatus Z11805 U31614, AF061064*
Tarsier, Tarsius syrichta Z11806
Spider monkey, Ateles belzebuth AF061059*
Orangutan, Pongo pygmaeus D38115
Gorilla, Gorilla gorilla D38114
Chimpanzee, Pan troglodytes U31620
Human, Homo sapiens J05253 M25851 M34041 D31846 J01415
Opossum, Didelphis virginiana Z11814 Y15943* Z29573
Bandicoot, Echymipera kalubu U97342
Monito del monte, Dromiciops gliroides U97341, U61073
Platypus, Ornithorhynchus anatinus U33498, X83427
Note. Asterisks indicate a  sequence new to this study. Common names for bats tend to be highly ambiguous and exhibit considerable 
geographic variability, and therefore are not listed.
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accession numbers: IRBP, DS33922; vWF, DS33921; 
A2AB, DS33923; AQP2, DS33920; 12S-16S, DS33899.
Data were analyzed by neighbor joining (NJ), maxi­
mum parsimony (MP), and maximum likelihood 
(DNAML) methods using PHYLIP (Felsenstein, 1993). 
Maximum likelihood analyses of amino acid sequences 
were conducted using PUZZLE (Strimmer and von 
Haeseler, 1996). The robustness of the phylogenetic 
hypotheses were examined by bootstrapping (Felsen­
stein, 1985), and Bremer decay indexes (Bremer, 1994; 
using PAUP 4.0d52-54, written by D. L. Swofford). For 
the NJ and MP analyses, bootstrapping involved 1000 
replicates and for the DNAML analyses 100 replicates. 
The DNAML bootstrap analyses for the larger data sets 
were performed on a Silicon Graphics-Crimson com­
puter. Most parsimonious trees were determined by 
randomizing the input order 50 times. Maximum likeli­
hood analyses were performed with the global branch 
swapping option and an expected transition/transver­
sion ratio of 2.0. Neighbor joining analyses were per­
formed using Kimura two-parameter divergence matri­
ces and a 2.0 transition/transversion ratio. In several 
instances significance tests were performed between 
user defined or constrained trees and the maximum 
parsimony tree as well as the maximum likelihood tree. 
The parsimony tests were conducted using the method 
proposed by Templeton (1983), and the maximum likeli­
hood tests used the method of Kishino and Hasegawa 
(1989). The null hypothesis was rejected at P < 0.05 in 
both these tests.
F I G .  1. Maximum parsimony bootstrap tree for the 12S-16S data 
set. Numbers above the branch indicate percentage bootstrap figures 
from 1 0 0 0  replications of the data; numbers below the branch refer to 
the Bremer decay index. Nodes receiving less than 50% bootstrap 
support are collapsed (4141 steps; CI = 0.421; RI = 0.462).
RESU LTS AND D ISCU SSIO N
Phylogenetic analyses of these various data sets all 
result in an African clade composed of elephant shrews, 
aardvark, the paenungulates, and the golden mole, 
although the branching arrangement within this clade 
does not always agree amongst the various loci (Figs. 
1-4). The addition of the elephant to the 12S-16S data 
set has resulted in the traditional Paenungulata, how­
ever, with a hyrax/manatee clade rather than the 
expected Sirenia/Proboscidea grouping (Fig. 1). Con­
straining the data to support a manatee/elephant clade 
added 7 substitutions to the most parsimonious tree 
and was judged not significantly worse than the MP or 
highest likelihood tree. As in many other mitochondrial 
data sets the caviomorph rodent, here represented by 
the guinea pig, does not group with the myomorphs, 
although it only costs 2 additional steps to support a 
monophyletic Rodentia, a change which was judged not 
significantly different from the MP or highest likeli­
hood tree. The branching arrangement for the African 
clade has the golden mole joining the paenungulates 
followed by an elephant shrew/aardvark clade. Boot­
strap support for this superordinal African clade was in 
excess of 93% for all types of analyses (Table 2) involv­
ing this locus, with a decay index of 15 (Fig. 1).
Insectivores are paraphyletic in all 12S-16S analyses; 
golden mole joins the Africans, with shrew and hedge­
hog separated. It costs, however, a mere 5 additional 
steps to support a grouping of shrew and hedgehog, 
which was judged not significantly different from the 
MP tree or the DNAML tree. In sharp contrast, a 
completely monophyletic Insectivora costs an addi­
tional 48 steps to the MP tree and was judged signifi­
cantly different from both the MP and DNAML tree.
IRBP also supports this same African clade; however, 
the sequence of golden mole for this gene is still 
unavailable, because of persistent difficulties in ampli­
fication. This tree differs from our earlier analyses 
(Stanhope et al., 1996) in that it is now rooted with the 
opossum sequence (Stanhope et al., 1992), and that it 
includes a range of cetaceans (Smith et al., 1996). This 
more dense phylogenetic data set, rooted at marsupi­
als, has done nothing to diminish the support for the 
African clade with 100% bootstrap support for this 
grouping in all types of analyses (Table 2), and a decay 
index of 38. This level of Bremer support is double that 
which defines Cetacea/Artiodactyla, another superordi­
nal grouping which receives 100% bootstrap support, 
and for which there is now no argument. The African 
clade in this data set consists of a strongly supported 
Paenungulata, joined by an aardvark/elephant shrew
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F I G .  2. Maximum parsimony bootstrap tree for the IRBP data 
set. Numbers above the branch indicate percentage bootstrap figures 
from 1 0 0 0  replications of the data; numbers below the branch refer to 
the Bremer decay index. Nodes receiving less than 50% bootstrap 
support are collapsed (2922 steps;CI = 0.483;RI = 0.495). Tonatia 
bi, Tonatia bidens; Tonatia si, Tonatia silvicola.
F I G .  3. Maximum parsimony bootstrap tree for the vWF data set. 
Numbers above the branch indicate percentage bootstrap figures 
from 1 0 0 0  replications of the data; numbers below the branch refer to 
the Bremer decay index. Nodes receiving less than 50% bootstrap 
support are collapsed (3088 steps; CI = 0.444; RI = 0.434).
clade. Tethytheria receives no support in any of the 
analyses and it requires 7 additional substitutions to 
support this association; however, this constrained 
topology was judged not to be significantly different 
from both the MP and DNAML trees. Edentates, repre­
sented by the sloth, do not join at the base of Eutheria, 
and instead join the African clade, with that overall 
grouping in an unstable position well within the other 
orders. The first eutherian branch is shrew.
As in the other loci, the addition of several taxa to the 
vWF data set (Fig. 3) has done nothing to upset the 
strong support for the African clade. The clade receives 
100% (or very nearly) bootstrap support in all types of 
analyses (Table 2). Alternative rootings (rodents and 
primates, respectively) did nothing to diminish support 
for this grouping. The vWF data have a golden mole/ 
aardvark clade joining the Paenungulata, followed by 
the elephant shrew. As in the previous two data sets, 
Tethytheria receives no support and it requires 7 
additional steps to support an elephant/dugong clade, 
an arrangement which was judged not significantly 
different from either the MP or DNAML trees. With the 
inclusion of the cetacean this data set now has a 
representative from all orders of Eutheria and typical 
of nearly all other types of data, this cetacean joins the
Hedgehog 
Mole 
Cow 
Horse 
Human 
Rabbit 
Hyrax 
Dugong 
Elephant 
Golden mole 
Aardvark 
Elephant shrew 
Guinea pig 
lioor- Mouse 
84L Rat
F I G .  4. Maximum parsimony bootstrap tree for the A2AB data 
set. Numbers above the branch indicate percentage bootstrap figures 
from 1 0 0 0  replications of the data; numbers below the branch refer to 
the Bremer decay index. Nodes receiving less than 50% bootstrap 
support are collapsed (1192 steps; CI = 0.664; RI = 0.491).
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TA B LE 2
B o o tstrap  S u p p o rt fo r  the A frican  C lade, from  V ari­
ou s L o ci an d  C om bin ation s o f L oci, U sin g  D ifferen t 
P h y logen etic  M ethods
MP TVP DNAML NJ
IRBP 1 0 0 1 0 0 1 0 0 1 0 0
vWF 1 0 0 98 1 0 0 1 0 0
A2AB 1 0 0 99 97 99
AQP2 — NA 54 56
12S-16S 1 0 0 93 1 0 0 97
vWF + A2AB + AQP2 1 0 0 1 0 0 1 0 0 1 0 0
vWF + A2AB + AQP2 + 12S-16S 1 0 0 1 0 0 1 0 0 1 0 0
Note. MP, maximum parsimony; TVP, transversion parsimony; 
DNAML, maximum likelihood; NJ, neighbor joining; NA, not appli­
cable. A2AB values come from analyses with rodents as the outgroup.
artiodactyls with convincing bootstrap support. The 
caviomorph rodent in this data set, represented by the 
agouti, joins the myomorph rodents with 96-98% boot­
strap support, and a decay index of 9. The best tree that 
supports the monophyly of the Insectivora has a hedge­
hog/golden mole clade joining aardvark, still within the 
African clade, and adds 37 substitutions, making it 
significantly worse than the MP tree. Insectivora mono- 
phyly was also judged significantly worse using the 
likelihood test.
The A2AB data set, rooted at rodents (Fig. 4), and 
with the inclusion of several new taxa, supports the 
African clade with bootstrap support near 100% for all 
types of analyses (Table 2) and a decay index of 17. 
Alternatively, rooting the tree with the opossum, after 
removal of the 190 bp of ambiguous sequence align­
ment, still results in the African superordinal grouping, 
although with somewhat less bootstrap support (MP: 
64%; NJ: 75%; DNAML: does not support the group­
ing). The addition of the dugong completes the ordinal 
representation for the Paenungulata, but again there is 
no support for Tethytheria, with dugong joining hyrax 
instead of the elephant. A constrained dugong/elephant 
clade adds 3 substitutions to the MP tree and was 
judged not significantly different from both the most 
parsimonious and highest likelihood trees. All types of 
analyses of this A2AB data set result in an African 
clade composed of the Paenungulata joined by an 
aardvark/golden mole clade, followed by the elephant 
shrew. The two other insectivores, mole and hedgehog, 
join together in the MP and DNAML trees, albeit not 
with convincing bootstrap support. Forcing the mono­
phyly of Insectivora results in hedgehog/mole/golden 
mole joining the remaining Africans (i.e., elephant 
shrew/aardvark/Paenungulata), with an additional 40 
substitutions to the MP tree, which was judged signifi­
cantly worse than that MP tree. Likelihood tests yielded 
a similar result. The monophyly of Rodentia is strongly 
supported regardless of how the tree is rooted. For
example, trees rooted at human result in bootstrap 
support of 90, 79, and 93 for MP, NJ, and DNAML 
analyses, respectively. Alternatively, rooting the tree at 
cow results in bootstrap support of 91, 80, and 89 for the 
same three tests.
The addition of several taxa to the AQP2 data, 
including the golden mole, results in a set of 13 most 
parsimonious trees (369 steps; CI = 0.570; RI = 0.426) 
all of which support the monophyly of a clade consisting 
of the paenungulates, aardvark, golden mole, elephant 
shrew, and hedgehog. All MP trees have an association 
of elephant shrew and hedgehog joining the rest of the 
Africans. NJ and DNAML trees on the other hand 
support the monophyly of the Africans at the exclusion 
of the hedgehog. Analyzing these data at the amino acid 
sequence level using parsimony, neighbor joining, and 
maximum likelihood methods also supports the mono- 
phyly of the Africans. Importantly, within this 108- 
residue alignment, there are three positions where the 
same amino acid replacement occurs solely in all the 
Africans, including the golden mole (15 A =  S, 58 
A =  T, 107 I =  L). Constraining this data set to sup­
port the monophyly of Insectivora adds 7 substitutions 
and was judged not to be significantly worse than the 
minimum length tree, or the highest likelihood tree.
One of the important controversies in modern system- 
atics is the debate centered around whether multiple 
data sets should be combined in phylogenetic analysis 
[see Miyamoto and Fitch (1995) for a review]. There are 
both extreme and intermediate views on this subject, 
with the intermediate position suggesting that data 
sets should only be combined when they do not strongly 
support conflicting trees (de Queiroz, 1993). Our data 
sets do not comprise a set of strongly supported conflict­
ing topologies and thus combining them is arguably 
appropriate. Combining the vWF, A2AB, and AQP2 
data into a concatenated alignment of protein encoding 
genes involving 14 taxa (human, rabbit, elephant shrew, 
elephant, dugong, hyrax, aardvark, golden mole, mouse, 
rat, guinea pig, hedgehog, cow, and horse; 2722 bp), 
using all positions, rooted at rodents, results not surpris­
ingly in 100% support for the African clade (regardless 
of method of analysis). The branching arrangement 
was in agreement for all types of analyses (MP, NJ, 
DNAML), and consisted of the Paenungulata (90, 99, 
97% bootstrap support), composed of a hyrax/dugong 
clade (77, 72, 75% support), joined by elephant, fol­
lowed next by a golden mole/aardvark clade (84, 65, 
78%). This collection of five taxa receives 88, 100, and 
90% support, respectively, with the elephant shrew the 
last to join that group. A constrained tree that supports 
Tethytheria adds 7 substitutions to the MP tree and 
was judged not significantly worse than both the MP 
and highest likelihood tree. One other feature of inter­
est in this tree is that the caviomorph rodent (repre­
sented by a hybrid guinea pig/agouti sequence) joins 
the two myomorph rodents with 96-100% bootstrap
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support, regardless of how the tree is rooted or method 
of analysis (i.e., MP, NJ, and DNAML analyses were 
also performed with human and cow as outgroups). 
Analyzing these data at the amino acid sequence level 
yields very similar results. Adding IRBP to this concat­
enated protein encoding data set, now with the exclu­
sion of golden mole, since it is not available for IRBP (10 
taxa: human, mouse, elephant, dugong, hyrax, aard- 
vark, elephant shrew, cow, horse, and rabbit; 3972 bp), 
does little to change the overall picture. One feature of 
interest in this data set is increased support for dugong/ 
hyrax, with a constrained Tethytheria now adding a 
total of 16 steps to the MP tree, a change which is still, 
however, judged not significantly different from the MP 
or highest likelihood tree. A combination of A2AB and 
AQP2 (15 taxa: human, rabbit, mole, hedgehog, rat, 
mouse, guinea pig, elephant, dugong, hyrax, aardvark, 
golden mole, elephant shrew, cow, and horse; 1473 bp) 
provides a nuclear gene perspective on the monophyly 
of two non-African insectivore families (i.e., hedgehog 
and mole). Parsimony and maximum likelihood sup­
port the grouping, albeit not with convincing bootstrap 
support, while neighbor joining does not. Constrained 
monophyly of Insectivora (i.e., golden mole, hedgehog, 
and mole) in this A2AB + AqP2 data set adds 44 
substitutions and was judged significantly worse than 
both the MP and DNAML trees.
An alignment of vWF, A2AB, AQP2, and the 12S-16S 
data (4856 bp) for all of the same taxa as vWF + 
A2AB + AQP2 with the exception ofrabbit and with the 
caveat that sirenians are represented by a hybrid 
manatee-dugong sequence, results in trees (MP, NJ, 
and DNAML) each of which have a different branching 
arrangement for the African clade. The differences lie 
in regard to which taxon or clade represents the first 
branch. All analyses support the African clade at 100%. 
Paenungulata receives 96,100, and 98% support, respec­
tively. Dugong and hyrax join within the Paenugulata 
with 89, 91, and 92% support. The branching arrange­
ment of the aardvark, golden mole, and elephant shrew 
is unresolved. A constrained tree that supports Tethy- 
theria adds 21 substitutions to the MP tree and was 
judged significantly worse than both the MP and high­
est likelihood tree. As in most of the preceding data sets 
the caviomorph rodent joins the two myomorph rodents 
with convincing bootstrap support (96-100%), regard­
less of how the tree is rooted or method of analysis. 
Another possible data set combination includes all 
nuclear genes (i.e., including IRBP) and the mitochon­
drial loci (nine species for 5996 bp) at the exclusion of 
golden mole because of its absence in IRBP. This results 
in 80-97% bootstrap support for hyrax/dugong, with 
trees supporting Tethytheria significantly worse than 
the MP and highest likelihood trees, and requiring 22 
additional steps.
One of the emerging curiosities in the molecules 
versus morphology debate, at least in regard to higher
level mammalian phylogeny, is the relative paucity of 
convincing molecular support for Tethytheria com­
pared to the wealth of morphological evidence in sup­
port of this clade. Shoshani (1992), for example, lists 10 
characters which he feels are likely synapomorphies for 
a Sirenia/Proboscidea clade, compared to 13 characters 
in support of Paenungulata. Lavergne et al. (1996) in 
an interordinal examination of the 12S gene present a 
rare case of molecular support for Tethytheria. Ozawa 
et al. (1997) in an examination of the evolutionary 
history of the extinct woolly mammoth and Stellar’s sea 
cow, using the cytochrome b gene also present some 
support for Tethytheria, although bootstrap values are 
very minimal, and several analyses (parsimony, for 
example) do not support the clade at all. The majority of 
other molecular data sets have not supported this 
grouping (see for example, Stanhope et al., 1993; de 
Jong et al., 1993; Graur et al., 1997), and we now add 
five additional loci to this growing list. The tandem 
alignments presented here represent the largest DNA 
sequence data sets pertinent to the problem; interest­
ingly, Tethytheria is deemed gradually less likely with 
increasing data set size, to the point where it is 
eventually judged significantly worse than both the MP 
and highest likelihood trees. One of the arguments of 
combining data sets is that true (but weak) phyloge­
netic signal, masked by homoplasy, can be amplified 
above the phylogenetic noise, to the point where it 
becomes detectable (Barrett et al., 1991). Whether the 
present situation is a case in point, or whether it is 
more a case of random phylogenetic noise, with increas­
ing data set size, eventually acquiring an incorrect 
directionality (see for example Naylor and Brown,
1997), remains to be seen. This is, in our opinion, an 
issue which is central to modern molecular systematics 
because of the ever increasing amount of data which 
will be analyzed in tandem alignments.
All five of these phylogenetic loci, of highly disparate 
functions, support a clade of endemic African mam­
mals, generally with highly convincing bootstrap sup­
port. In fact there are no published molecular data sets 
at the DNA sequence level which include the members 
of this clade that do not support this grouping. Congru­
ent support of this nature is an extreme rarity in higher 
level systematics of mammals. The only exception to 
this is the close evolutionary relationship of Cetacea 
and Artiodactyla, for which there can now be no doubt. 
We submit that the African clade is certainly compa­
rable in support; however, the precise nature of the 
branching arrangement within it remains highly uncer­
tain, and indeed it remains a distinct possibility that 
there are additional members. We also feel these data 
indicate that there can be little doubt that Insectivora 
is not a natural monophyletic assemblage; however, the 
extent of insectivore paraphyly (or polyphyly) and the 
possible reclassification of the group will have to await
CHAPTER FOUR 68
additional taxon sampling to include all the current 
families of Insectivora.
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ABSTRACT The traditional views regarding the mamma­
lian order Insectivora are that the group descended from a single 
common ancestor and that it is comprised of the following 
families: Soricidae (shrews), Tenrecidae (tenrecs), Solenodonti- 
dae (solenodons), Talpidae (moles), Erinaceidae (hedgehogs and 
gymnures), and Chrysochloridae (golden moles). Here we 
present a molecular analysis that includes representatives of all 
six families of insectivores, as well as 37 other taxa representing 
marsupials, monotremes, and all but two orders of placental 
mammals. These data come from complete sequences of the 
mitochondrial 12S rRNA, tRNA-Valine, and 16S rRNA genes (2.6 
kb). A wide range of different methods of phylogenetic analysis 
groups the tenrecs and golden moles (both endemic to Africa) in 
an all-African superordinal clade comprised of elephants, sire- 
nians, hyracoids, aardvark, and elephant shrews, to the exclusion 
of the other four remaining families of insectivores. Statistical 
analyses reject the idea of a monophyletic Insectivora as well as 
traditional concepts of the insectivore suborder Soricomorpha. 
These findings are supported by sequence analyses of several 
nuclear genes presented here: vWF, A2AB, and a -ß  hemoglobin. 
These results require that the order Insectivora be partitioned 
and that the two African families (golden moles and tenrecs) be 
placed in a new order. The African superordinal clade now 
includes six orders of placental mammals.
Throughout most of this century, the placental (eutherian) mam­
mals with extant representation have been classified into 18 
orders. During this period, the order Insectivora has been among 
the least stable higher taxa in Eutheria, both in terms of phylo­
genetic position and taxonomic content. Beginning with Huxley 
(1) and later embellished by Mathew (2), insectivores have been 
thought to possess features that rendered them closer to the 
ancestral stock of mammals. Despite this presumed central po­
sition of insectivores in the evolutionary history of mammals, the 
composition of the group never has been widely agreed on. The 
prevalent morphological view (3) suggests that the following 
extant families of ‘‘insectivores’’ descended from a single common 
ancestor and as such should be those groups that are regarded as 
the constituents of the order Insectivora (Lipotyphla): Soricidae 
(shrews), Tenrecidae (tenrecs), Solenodontidae (solenodons), 
Talpidae (moles), Erinaceidae (hedgehogs and gymnures), and 
Chrysochloridae (golden moles).
Butler (4) listed six morphological characteristics that, in his 
opinion, supported a monophyletic Insectivora including (i) ab­
sence of cecum; (ii) reduction of pubic symphysis; (iii) maxillary 
expansion within orbit, displacing palatine; (iv) mobile proboscis; 
(v) reduction of jugal; and (vi) hemochorial placenta. More
recently, MacPhee and Novacek (3) have reviewed the evidence 
and concluded that characteristics (i) and (ii) support lipotyphlan 
monophyly, characteristic (iii) possibly does, and (iv-vi), as cur­
rently defined, do not, leaving two to three characteristics that, in 
their opinion, support the order Insectivora.
The six families of insectivores are most often grouped into two 
clades of subordinal rank: the Erinaceomorpha (hedgehogs) and 
the Soricomorpha (all other families). Within the Soricomorpha, 
Butler (4) suggested that the golden moles and tenrecs form a 
clade and that moles and shrews cluster together, followed by 
solenodons. MacPhee and Novacek (3), however, proposed three 
clades of subordinal rank: Chrysochloromorpha (Chrysochlori- 
dae), Erinaceomorpha (Erinaceidae), and Soricomorpha (Sori- 
cidae, Talpidae, Solenodontidae, and Tenrecidae). This latter 
organization is based on their view that the Chrysochloridae is 
‘‘spectacularly autapomorphic.’’ In their opinion, golden moles 
show no shared derived traits with the soricomorphs and there­
fore should be separated from that suborder. This recommen­
dation echoes earlier views regarding the group that have sug­
gested that golden moles are a separate order or suborder (5-7).
A  recent molecular study of mammalian phylogeny, which 
included three insectivore families, demonstrated that golden 
moles are not part of the Insectivora but instead belong to a clade 
of endemic African mammals that also includes elephants, 
hyraxes, sea cows, aardvarks, and elephant shrews (8). Evidence 
for this now comes from a wide range of disparate molecular loci 
including the nuclear AQP2, vWF, and A2AB genes as well as the 
mitochondrial 12S-16S rRNA genes (8, 9). The fossil record of 
golden moles indicates that the geographic distribution of this 
group has been restricted to Africa throughout its temporal range 
(10, 11). The fossil record of tenrecs also suggests an African 
origin (10, 11). This paleontological record, along with the 
morphological study of Butler (4), suggests a possible common 
ancestry for golden moles and tenrecs. However, it also may be 
that the autapomorphic qualities of golden moles reflect their 
evolutionary history as a singular distinct lineage of African 
insectivores, separate from the rest of the order. A t present, there 
is no published molecular phylogenetic perspective on the evo­
lutionary history of the Tenrecidae, there is no molecular study 
that includes a representative from all families of insectivores, and 
there are no molecular sequence data (data banks or published 
accounts) for solenodons.
Here, we report a molecular phylogenetic analysis involving all 
families of insectivores, using complete sequences of the mito­
chondrial 12S rRNA, 16s rRNA, and tRNA-Valine genes. These 
data, along with additional sequences from four disparate nuclear
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genes, are used to examine the extent of insectivore paraphyly or 
polyphyly, the conflicting hypotheses regarding the origin of the 
family Tenrecidae, and the possibility of an African clade of 
insectivores.
MATERIALS AND METHODS
The 12S rRNA, tRNA-Valine, and 16S rRNA genes were am­
plified and sequenced [as described elsewhere refs. 8 and 12] from 
the following taxa: tenrec (Echinops telfairi; Insectivora; 
AF069540), hairy armadillo (Chaetophractus villosus; Xenarthra; 
U61080, aF069534), three-toed sloth (Bradypus tridactylus; Xe­
narthra; AF038022, AF069535), tube-nosed fruit bat (Nyctimene 
robinsoni; Chiroptera; U93061, AF069536), flying fox (Pteropus 
hypomelanus; Chiroptera; U93073, AF069537), false vampire bat 
(Megaderma lyra; Chiroptera; AF069538), mole (Scalopus aquati- 
cus; Insectivora; AF069539), solenodon (Solenodon paradoxus; 
Insectivora; AF076646) and capybara (Hydrochaeris hydrochaeris; 
Rodentia; U61081, AF069533). These were combined with se­
quences already available in GenBank. Accession numbers for 
many of these sequences are tabulated elsewhere (9); here we list 
only those accession numbers that did not appear in that recent 
tabulation. In addition to the above species, the mitochondrial 
data set included the following taxa: aardvark (Orycteropus afer; 
Tubulidentata), long-nosed armadillo (Dasypus novemcinctus; 
Xenarthra; Y11832), elephant shrew (Elephantulus rufescens; 
Macroscelidea), golden mole (Amblysomus hottentotus; Insec- 
tivora), African elephant (Loxodonta africana; Proboscidea), 
manatee (Trichechus manatus; Sirenia), hyrax (Procavia capensis; 
Hyracoidea), Indian rhino (Rhinoceros unicornis; Perissodactyla; 
X97336), white rhino (Ceratotherium simum ; Perissodactyla; 
Y07726), horse (Equus caballus; Perissodactyla), harbor seal 
(Phoca vitulina; Carnivora), gray seal (Halichoerus grypus; Car­
nivora), cat (Felis catus; Carnivora), fin whale (Balaenoptera 
physalus; Cetacea), blue whale (Balaenoptera musculus; Cetacea), 
cow (Bos taurus; Artiodactyla), deer (Odocoileus virginianus; 
Artiodactyla; M35874), mouse deer (Tragulus napu, Artiodactyla, 
M55539), pangolin (Manis sp.; Pholidota), shrew (Sorexpalustris; 
Insectivora), human (Homo sapiens; Primates), gorilla (Gorilla 
gorilla; Primates), orangutan (Pongopygmaeus; Primates), gibbon 
(Hylobates lar; Primates; U99256), rabbit (Oryctolagus cuniculus; 
Lagomorpha; AJ001588), hedgehog (Erinaceus europaeus; Insec- 
tivora), mouse (Mus domesticus; Rodentia), rat (Rattus norvegi- 
cus; Rodentia), guinea pig (Cavia porcellus; Rodentia), monito 
del monte (Dromiciops gliroides; Marsupialia), wallaroo (Macro­
pus robustus; Marsupialia; Y10524), bandicoot (Echymipera ka- 
lubu; Marsupialia), opossum (Didelphis virginiana; Marsupialia), 
and platypus (Ornithorhynchus anatinus; Monotremata), for a 
total of 43 species encompassing 16 placental orders (all euth- 
erians except Dermoptera and Scandentia), 4 marsupial orders, 
one monotreme, and all insectivore families.
Initial sequence alignments were constructed using CLUSTAL W 
and then were refined by hand following secondary structure 
models (13). Regions in which alignments were ambiguous (com­
plex indels) were eliminated from phylogenetic analyses. This 
resulted in 2,086 nt positions for 43 taxa. All phylogenetic trees 
involving this data set were rooted at platypus. Upon completion 
of analyses involving the total mitochondrial data set, these data 
were analyzed with the African taxa as ingroup, using long-nosed 
armadillo, cow, rat, and human as outgroups in separate analyses. 
Again, these alignments were constructed using CLUSTAL W and 
then refined by hand. Ambiguous regions again were removed; 
however, a consequence of eliminating 35 taxa from the sequence 
comparisons was that a larger number of sequence alignment 
positions could be considered as unambiguous and thus included 
in the ingroup analyses. A  further consequence is a slightly 
different number of sequence positions represented in alignments 
involving each of the four outgroups (armadillo: 2,506; cow: 
2,624; rat: 2,603; human: 2,560).
To provide a corroborating test of our mitochondrial results, 
we also obtained sequences for the representative tenrec from
two nuclear genes: exon 28 of the gene for von Willebrand factor 
(vWF; AF076478) and the a-2B adrenergic receptor gene 
(A2AB; Y17692). New sequence data were also obtained for 
vWF from mole (AF076479), and hairy armadillo (AF076480). 
These sequences were combined with already existing data for 
both of these genes arising from previous studies (8, 9, 14). For 
vWF, this included the following taxa: human, galago (Galago 
crassicaudatus; Primates), agouti (Dasyprocta agouti; Rodentia), 
rat, mole-rat (Spalax polinicus; Rodentia), African elephant, 
Asian elephant (Elephas maximus), dugong (Dugong dugon; Si­
renia), hyrax, aardvark, elephant shrew, harbor porpoise (Pho- 
coena phocoena; Cetacea), cow, pig (Sus scrofa; Artiodactyla), 
hedgehog, golden mole, white rhinoceros, horse (Equus asinus), 
rabbit, pangolin, false-vampire bat, bar-backed fruit bat (Dobso- 
nia moluccensis), cat, dog (Canis familiaris; Carnivora), flying 
lemur (Cynocephalus variegatus; Dermoptera), tree shrew (Tupai 
glis; Scandentia), and three-toed sloth (scientific name indicated 
only when it has not been listed already for the mitochondrial data 
set). This resulted in a 30-taxon data set, representing all 18 
eutherian orders and 4 of the 6 families of insectivores. For 
A2AB, the tenrec was combined with the following taxa: human, 
guinea pig, rat, mouse, Asian elephant, dugong, hyrax, aardvark, 
elephant shrew (Macroscelides proboscideus), cow, hedgehog, 
golden mole, mole (Talpa europaea), horse, and rabbit (scientific 
name listed only when that particular species is unique to the 
A2AB data set). The resulting A2AB alignment included 16 taxa 
encompassing 11 placental orders and the same 4 families of 
insectivores. Accession numbers for taxa involving both these 
genes can be found tabulated elsewhere (9). PCR and sequencing 
for these two loci were as described elsewhere (8, 14). Phyloge­
netic trees involving both of these genes were rooted with rodents; 
alternative rootings produced very similar results.
All of the foregoing sequence alignments are available from the 
European Molecular Biology Laboratory file server under the 
following accession numbers: vWF: DS34810; A2AB: DS34808; 
12S-16S, 43 taxa: DS34832; 12S-16S, armadillo: DS34831; 12S- 
16S, cow: DS34811; 12S-16S, rat: DS34812; 12S-16S, human: 
DS34809.
Using de Queiroz’s bootstrap criterion (15) as a measure of 
data set incongruence, the mitochondrial and the nuclear genes 
were judged not to be heterogenous (i.e., no conflicting nodes 
receiving >95%  bootstrap support), and thus various data set 
combinations also were analyzed. These included the following: 
A2AB + vWF (15 taxa: human, cow, horse, hedgehog, mole, 
golden mole, tenrec, elephant, hyrax, dugong, aardvark, elephant 
shrew, rat, caviomorph rodent-guinea pig/agouti, and rabbit), 
vWF + mtDNA (23 taxa: human, cow, horse, hedgehog, mole, 
golden mole, tenrec, elephant, hyrax, dugong, aardvark, elephant 
shrew, rat, guinea pig/agouti, rabbit, false vampire bat, hybrid 
fruit bat-Dobsonia/ Pteropus, white rhino, hairy armadillo, sloth, 
cat, pangolin, and hybrid cetacean-porpoise/fin whale), andvW F 
+ A 2AB + mtDNA (same 15 taxa as vWF + A2AB). In 
combined nuclear and mitochondrial data sets, the mitochondrial 
sequence positions represented were the same as those in the 
43-taxon data set. This set of combined data sets allows maximum 
taxa overlap while also providing alternative perspectives on 
insectivore ancestries by using different numbers and combina­
tions of taxa. All analyses involving these data set combinations 
were rooted with rodents.
An examination of the molecular sequence databases reveals 
that the only other available molecular data for the family 
Tenrecidae are a  and ß  hemoglobin amino acid sequences from 
tenrec (Echinops telfairi). A  variety of other mammal sequences 
are available for theses two peptides, many of them the same 
species included in this study. A  tandem alignment of both of 
these peptides was constructed for 14 taxa including the follow­
ing: human (Swiss Prot accession numbers P01922; P02023), cow 
(P01966; P02070), horse (P01958; P02062), rabbit (P01948; 
P02057), African elephant (P01955; P02085), manatee (P07414; 
P07415), hyrax (P01957; P02086), Antrozous pallidus (microbat,
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P14387; P14388), rat (P01946; P02091), guinea pig (P01947; 
P02095), tenrec (P24291; P24292), shrew (P01950; P02060), mole 
(P01951; P02061), and hedgehog (P01949; P02059). Combined 
amino acid data sets involving A2AB, vWF, and the two hemo­
globins also were constructed. In this case, the alignment con­
sisted of the following 15 taxa: human, rat, guinea pig, elephant, 
dugong, hyrax, aardvark, golden mole, tenrec, elephant shrew, 
cow, horse, rabbit, mole, and hedgehog. In this instance, aardvark, 
golden mole, and elephant shrew were coded as missing data for 
the hemoglobins because sequences for these taxa are not avail­
able in the databases. All trees were rooted with rodents.
Maximum likelihood, minimum evolution, neighbor joining, 
and parsimony (all data unweighted and transversions only) were 
used to construct phylogenetic trees. PAUP 4.0 version d54-63 
(written by D.L. Swofford) and PHYLIP (15) were used in analysis, 
with the exception of maximum likelihood analyses of amino 
acids as well as the vWF + mtDNA data set, which used PUZZLE 
(16). Bootstrapping was used as a measure of clade strength. All 
neighbor joining, parsimony, and minimum evolution analyses 
involved 500 replicates of the data; DNAML (15) maximum 
likelihood analyses involved 100 replicates. In several instances, 
statistical tests were conducted to assess the likelihood of con­
strained topologies relative to the most parsimonious trees. These 
included winning sites (18), Templeton (19), and Kishino- 
Hasegawa (20) tests and were implemented by using PAUP. 
Kishino-Hasegawa tests also were used to evaluate the likelihood 
of constrained topologies relative to the maximum likelihood 
trees. Maximum likelihood analyses (DNAML) used empirical base 
frequencies and a transition:transversion ratio of 2:1, assumed 
equal rates between sites, and used the global branch swapping 
option. Neighbor joining trees were estimated using maximum 
likelihood, logdet and Tamura-Nei-transversion distances. For 
the parsimony analyses, we used full heuristic searches, with 50 
random input orders.
RESULTS
Mitochondrial Genes. All of the different types of phylogenetic 
analyses involving the mitochondrial data supported a clade of 
African-origin mammals inclusive of elephant, manatee, hyrax 
[these three orders generally are termed the Paenungulata; 
however, see comments in Discussion as well as in McKenna and 
Bell (21) for additional clarification and history of the concept], 
aardvark, elephant shrew, golden mole, and tenrec (Fig. 1; Table 
1). Bootstrap support for this clade ranged from 56% for the very 
conservative transversion parsimony to 84% for neighbor joining 
with maximum likelihood distances. The remaining insectivores, 
hedgehog, solenodon, mole, and shrew were excluded from this 
clade in all cases. Three of these non-African families, repre­
sented by mole, shrew, and solenodon, formed a clade in the 
majority of tests but generally not with convincing bootstrap 
support. The hedgehog was in all cases on its own, ambiguously 
placed in various positions in the tree, depending on method of 
analysis. Among the non-African insectivores, the mole and shrew 
invariably were associated together, with moderate bootstrap 
support. The best tree that supported the monophyly of these 
non-African families added 12 substitutions to the most parsi­
monious tree, and this topology was judged not to be significantly 
different than that MP tree (Templeton: P = 0.377; Kishino- 
Hasegawa: P = 0.324; winning sites: P = 0.419). Various other 
nodes in the resulting trees were supported strongly and agreed 
with now well accepted phylogenetic hypotheses, including for 
example, a monophyletic Chiroptera, a Paenungulata, and an 
association of Artiodactyla and Cetacea (see Fig. 1 for example 
topology).
Within the African clade, all analyses supported a grouping of 
tenrec and golden mole. In the 43-taxon data set, this support 
ranged from 39 to 90%. However, with just the Africans as 
ingroup, when we used four different outgroups, support for this 
association was generally at our near 100% (Table 1; Fig. 3). The 
reason for this difference between the ingroup analyses and the
F ig. 1. Majority-rule neighbor joining bootstrap tree based on 
maximum likelihood distances of the 12S rRNA, tRNA-Valine, and 
16S rRNA mitochondrial DNA sequences.
complete data set is that, with the inclusion of only eight taxa, 
there were fewer ambiguous regions in the alignment, and thus 
more sequence positions could be included. This, in turn, was a 
consequence of having only one divergent taxon to align against 
the Africans and, more importantly, because the Africans clearly 
exhibited sequence similarity in the most variable regions of the 
alignment. The similarity of the golden mole and tenrec se­
quences is further evident in alignments that exclude the out­
group. Although it is uncertain which taxon or taxa represent the 
most ancient branch of the African clade, the bulk of our analyses 
suggest that it is the elephant shrew (9). Analyses involving just 
the Africans, without a non-African outgroup, but instead with 
trees rooted at elephant shrew, resulted in golden mole/tenrec 
support of 100% for all analyses. In fact, all possible rootings other 
than the two African insectivores resulted in 100% support for 
golden mole/tenrec.
In addition to this strong bootstrap support for the association 
of golden moles and tenrecs with an all-African clade, statistical 
tests also support their distinction from the rest of Insectivora. 
Indeed, all three parsimony tests reject insectivore monophyly at 
P < 0.017 (Table 2). Similarly, the Kishino-Hasegawa test judged 
insectivore monophyly to be significantly worse than the highest 
likelihood tree (highest likelihood tree: - ln L  = 31,072.10; best 
tree supporting insectivore monophyly: - ln L  = 31,187.73; P = 
0.0091). In addition to this ordinal distinction, the morphologi­
cally based concepts of the suborder Soricomorpha also were not 
supported. Butler’s (4) concept has mole and shrew forming a 
clade, joined next by solenodon, and lastly by golden mole/tenrec. 
This topology costs an additional 38 substitutions and was judged 
significantly worse than the MP tree using all three tests (Table 
2; concept of Soricomorpha was not evaluated statistically using 
Kishino-Hasegawa maximum likelihood test). MacPhee and 
Novacek (3), on the other hand, suggest Soricomorpha is com­
prised of tenrecs, solenodons, shrews, and moles, relative rela­
tionships undefined. This arrangement, distinct from Butler’s in 
that golden moles are excluded, costs an additional 52 substitu-
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Table 1. Bootstrap support for Afrotheria and 
Afrosoricida monophyly
Level of support 
for monophyly 
of Afrotheria
Level of support 
for monophyly 
of Afrosoricida
Mitochondrial DNA (43 taxa)
Parsimony 74 39 (98, 96, 75, 95)
Transversion parsimony 56 79 (92, 96, 55, 100)
Neighbor joining
ML 84 90 (99, 98, 99, 100)
Logdet 82 87 (99, 97, 97, 100)
Tamura-Nei (TV) 69 75 (86, 96, 90, 94)
Maximum likelihood 77* 68* (97, 94, 98, 99)
A2AB (16 taxa)
Parsimony 100 27
Transversion parsimony 99 36
Neighbor joining
ML 100 25
Logdet 100 23
Tamura-Nei (TV) 93 29
Maximum likelihood 100 43
vWF (30 taxa)
Parsimony 78 45
Transversion parsimony 80 58
Neighbor joining
ML 77 6
Logdet 82 7
Tamura-Nei (TV) 67 26
Maximum likelihood 81t 30t
A2AB + vWF (15 taxa)
Parsimony 100 55
Transversion parsimony 99 57
Neighbor joining
ML 100 27
Logdet 100 28
Tamura-Nei (TV) 100 35
Maximum likelihood 100 60
Neighbor joining, amino acids 100 84
Amino acid parsimony 100 61
Amino acid maximum likelihood 96 74
A2AB + mtDNA (15 taxa)
Parsimony 100 65
Transversion parsimony 100 68
Neighbor joining
ML 100 89
Logdet 100 83
Tamura-Nei (TV) 100 82
Maximum likelihood 100 89
vWF + mtDNA (23 taxa)
Parsimony 99 70
Transversion parsimony 99 94
Neighbor joining
ML 100 63
Logdet 99 69
Tamura-Nei (TV) 99 86
Maximum likelihood 89 83
mtDNA + vWF + A2AB
(15 taxa)
Parsimony 100 76
Transversion parsimony 100 90
Neighbor joining
ML 100 65
Logdet 100 71
Tamura-Nei (TV) 100 82
Minimum evolution -  ML 100 83
Maximum likelihood 100 84
A2AB + vWF + a-ß  hemoglobin 
(15 taxa)
Parsimony 98 87
Neighbor joining 99 88
Maximum likelihood 97 72
Numbers in parentheses indicate the results of analyses with Afri­
cans as ingroup, using armadillo, cow, rat, and human, respectively, as 
outgroups. Number of taxa were reduced to 24 for analysis indicated 
with *; this set of 24 included all of the insectivores, all of Afrotheria, 
in addition to the following: mouse, rat, rabbit, human, pangolin, cat, 
gray seal, horse, cow, fin whale, false vampire bat, long nosed
tions and also was judged significantly different than the MP tree 
(Table 2).
Nuclear Genes and Combined Data Sets. Both the vWF and 
A2AB genes were congruent with the mitochondrial data in 
supporting an African clade inclusive of aardvark, elephant 
shrew, the paenungulates, golden mole and tenrec, at the exclu­
sion of the other insectivores in these data sets (mole and 
hedgehog). Bootstrap support for this African association ranges 
from 93 to 100% for a 2 A b  and 67 to 82% for vWF. Like the 
mitochondrial data, parsimony and maximum likelihood statis­
tical tests rejected insectivore monophyly (Table 2; A2AB-highest 
likelihood tree: - ln L  = 7,682.90; best tree supporting insectivore 
monophyly: - ln L  = 7,800.74; P < 0.0001; vWF-highest likelihood 
tree: - ln L  = 15,996.64; best tree supporting insectivore mono­
phyly: - ln L  = 16,122.15; P < 0.0001). Unlike the mtDNA data 
set, which did not result in a clear phylogenetic placement for the 
hedgehog, the nuclear genes positioned it along with the mole, the 
other non-African insectivore in these data sets. Joining the 
African insectivores with the mole, in other words the construc­
tion of a partial Soricomorpha (i.e., solenodon and shrew se­
quences not yet available for the nuclear genes), costs an addi­
tional 34/38 and 29/54 substitutions for A2AB and vWF, re­
spectively, all such constrained topologies judged significantly 
worse than the MP trees (Table 2).
Combining these two nuclear genes in a concatenated 15-taxon 
alignment increased African bootstrap support to 100% (or very 
nearly) for all analyses and resulted in some support for a golden 
mole/tenrec clade (Table 1). This latter grouping exhibited 
minimal (nucleotide sequence level) to moderate (amino acid 
sequence level) bootstrap support (Table 1). The classical con­
cepts of a monophyletic Insectivora or Soricomorpha were highly 
significantly rejected (Table 2; highest likelihood tree: - ln L  = 
17,075.46; best tree supporting insectivore monophyly: - ln L  = 
17,264.93; P < 0.0001). Combining nuclear with mitochondrial 
data yields 100% bootstrap support for the African superordinal 
clade, at the exclusion of the non-African insectivores, which form 
a distinct well supported clade (Fig. 2) and with the majority of 
tests supporting an association of golden mole and tenrec at 
80-95% bootstrap. Parsimony statistical tests rejected both in­
sectivore and soricomorph monophyly at P < 0.0001 (Table 2), 
and maximum likelihood tests similarly rejected the concept of 
Insectivora a tP < 0.0001 (-lnL values for highest likelihood tree 
and best tree supporting insectivore monophyly, respectively: 
A2AB + mtDNA, 22,074.83/22,316.80; vWF + mtDNA, 
33,562.89/33,823.98 and vWF + A2AB + mtDNA, 31,831.15/ 
32,152.60).
Hemoglobin analyses also supported a distinct evolutionary 
history for the tenrecs and the rest of Insectivora. Amino acid 
sequence data for these peptides include four families of Insec- 
tivora: tenrec, shrew, mole, and hedgehog. The most parsimoni­
ous tree and the NJ tree both supported a clade of shrew, mole, 
and hedgehog. In all cases, the tenrec was separated from that 
group, joining instead one (in the case of parsimony) or all of the 
Paenungulates. Bootstrap support for these associations was 
generally low; however, combining these hemoglobin data with 
amino acid sequences from A2AB and vWF resulted in strong 
support for the monophyly of the African clade (Table 2), a 
golden mole/tenrec grouping inside the African clade (Table 2), 
and the common ancestry of mole and hedgehog (the two other 
insectivores in this data set combination; 100% for each of 
parsimony, NJ and maximum likelihood). Statistical tests for this 
data set combination rejected insectivore monophyly, as well as 
the concept of Soricomorpha (Table 2).
armadillo, and opossum. Number of taxa was reduced to 21 for analysis 
indicated with t  including human, rabbit, elephant shrew, golden mole, 
hedgehog, tenrec, aardvark, dugong, hyrax, Asian elephant, sloth, 
mole, tree shrew, pangolin, cow, porpoise, horse, dog, Dobsonia, flying 
lemur, and rat.
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Table 2. Results of statistical tests regarding Insectivora and Soricomorpha monophyly
Phylogenetic loci
Score of the 
MP tree 
(RI)
Parsimony score of alternative 
hypotheses (RI)
Statistical tests of alternative hypotheses
Isectivora
Soricomorpha
Insectivora Soricomorpha Butler MacPhee-Novacek
B MN KH Temp. WS KH Temp. WS KH Temp. WS
mtDNA 5729 (0.438) 5769 (0.432) 5767 (0.432) 5781 (0.430) 0.0168 0.0154 0.0168 0.0145 0.0252 0.0119 0.0020 0.0252 0.0119
A2AB 1274 (0.474) 1310 (0.433) 1312 (0.430) 1308 (0.435) 0.0006 0.0021 0.0006 0.0002 0.0010 0.0006 0.0002 0.0010 0.0004
vWF 3094 (0.387) 3130 (0.374) 3148 (0.368) 3123 (0.377) 0.0029 0.0068 0.0084 <0.0001 0.0001 <0.0001 0.0261 0.0507 0.0218
A2AB + vWF 3020 (0.357) 3085 (0.322) 3100 (0.314) 3078 (0.326) 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
A2AB + mtDNA 3766 (0.309) 3828 (0.283) 3836 (0.280) 3874 (0.264) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
vWF + mtDNA 6225 (0.310) 6288 (0.297) 6314 (0.292) 6299 (0.295) <0.0001 <0.0001 0.0006 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
mtDNA + vWF +
A2AB 5560 (0.315) 5652 (0.289) 5675 (0.282) 5663 (0.286) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
A2AB + vWF +
a-ß  hemoglobin 1540 (0.376) 1553 (0.358) 1578 (0.324) 1573 (0.331) 0.0325 0.0624 0.0485 <0.0001 <0.0001 <0.0001 0.0002 0.0011 0.0003
B, Butler’s concept of Soricomorpha; MN, MacPhee and Novacek’s concept of Soricomorpha; RI, retention index.
DISCUSSION
The results reported here, from several disparate molecular loci, 
congruently support the view that tenrecs, in addition to golden 
moles (8), are members of the ‘‘African clade’’ of mammalian 
orders and do not belong within the classical order Insectivora. 
Golden moles and tenrecs are therefore more closely related to 
aardvarks and elephants than they are to shrews, moles, and 
hedgehogs. Because this African clade is well supported both 
from a statistical and congruence perspective but is not currently 
recognized taxonomically, we propose the superordinal name 
Afrotheria. Furthermore, the golden moles and tenrecs form an 
evolutionary clade within Afrotheria, and thus it is necessary to 
propose a new order to accommodate those taxa. For this 
association of African insectivore families, we propose the name 
‘‘Afrosoricida’’ (African shrew-like mammals). Two extinct or­
ders of mammals, Desmostylia and Embrithopoda, are believed 
to be closely related to the paenungulate orders (21, 22) and 
therefore should be included in Afrotheria based on available 
phylogenetic evidence. Even so, these extinct taxa may not have 
originated in Africa but rather from ancestors that radiated out 
of Africa. The oldest embrithopods are the Paleocene genera 
Phenacolophus and Minchenella from Asia whereas the oldest 
African embrithopods are Eocene (21). The oldest desmostylian 
fossils are from the Oligocene, and the entire fossil record for this 
group (six genera) is confined to the northern Pacific Rim (21). 
The place and time of origin of aardvarks are also uncertain; they 
are presumed to be of African origin, but there are no unequiv­
ocal Paleogene fossils referable to this group.
F ig. 2. Maximum likelihood tree of the combined 12S rRNA, 
tRNA-Valine, 16S rRNA, vWF, and A2AB data set, with branches 
drawn proportional to amount of sequence change, and with maximum 
likelihood bootstrap values added; only those bootstrap figures in 
excess of 50% are indicated.
Anatomical studies have not yet provided support for such a 
diverse African clade, and indeed there is not a single morpho­
logical synapomorphy that defines Afrotheria. There are, how­
ever, morphological characters that support a possible common 
ancestry of golden moles and tenrecs, although not to the 
exclusion of the other insectivores. These include zalambdodont 
cheekteeth (also in Solenodon), a basisphenoid contribution to 
the bulla (also in Erinaceidae), and orthomesometrial implanta­
tion of the blastocyst (3). There are also data from albumin 
immunodiffusion comparisons that join golden moles and tenrecs 
in a distinct clade, separate from all other insectivores (23). These 
other two sources of data are therefore at least partially congru­
ent with our proposal for an Afrosoricida. By using the recently 
established linear relationships describing change in 12S rRNA 
Tamura Nei relative rate-adjusted transversion distances with 
time (24), we estimate that the ancestor to this new order resided 
in Africa somewhere ^70  million years ago (mya) and that the 
split between tenrecs and golden moles occurred between 50 and 
57 million years age. We suggest, therefore, that this proposed 
new order, similar to other recent estimates regarding other 
placental orders, may predate the Cretaceous-Tertiary boundary 
(8, 24-27).
In addition to the lack of support for a monophyletic Insec- 
tivora, the subordinal concepts of Butler (4) and MacPhee and 
Novacek (3) are also not supported by our data because of the 
different ancestry for the golden moles and tenrecs. Although 
MacPhee and Novacek’s hypothesis envisions a possibly very 
different pattern of evolutionary history for the golden moles, and 
as such they distinguish them from Soricomorpha, they find no 
such reason to exclude tenrecs. Our data, on the other hand, 
reject not only golden moles but also tenrecs as having any
FIG. 3. Strict consensus bootstrap tree of parsimony, transversion 
parsimony, neighbor joining (with ML distances), and maximum 
likelihood analyses (bootstrap figures listed from top to bottom 
respectively) of the 12S rRNA, tRNA-Valine, and 16S rRNA data set, 
rooted with armadillo.
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association with the remaining soricomorph groups, solenodon, 
mole, and shrew. The morphological concept of Soricomorpha in 
fact is based largely on the considerable differences between that 
suborder and hedgehogs (Erinaceomorpha). Our results, on the 
other hand, suggest that hedgehogs are much more closely related 
to other soricomorphs such as moles than are tenrecs or golden 
moles. Although the mitochondrial data alone do not group 
hedgehogs with the other non-African insectivores, the other 
three families do form a monophyletic group. All other data sets 
and combinations of data sets (including those involving mtDNA) 
associate hedgehog with the non-African insectivore, mole, gen­
erally with high bootstrap support (see Fig. 2 for example). These 
data, taken collectively, suggest that the hedgehogs, shrews, 
moles, and solenodons form a monophyletic group and as such 
should be retained in the order Insectivora.
Our demonstration of an evolutionary association of golden 
moles and tenrecs within an African superordinal clade has 
important ramifications for the evaluation of character state 
evolution in these and other mammals. It means, for example, that 
zalambdodonty evolved independently in Afrosoricida and so- 
lenodons among living insectivores. Similarly, other features 
currently used to define the monophyly of Insectivora, such as (i) 
hindgut simplification, with the correlated absence of cecum, (ii) 
reduction of the pubic symphysis, and (iii) large maxillary con­
tribution to the orbit, probably represent convergences rather 
than shared-derived traits. The converse alternative [that there is 
molecular convergence between mitochondrial rRNA genes, as 
well as a number of nuclear, protein-encoding genes, of highly 
disparate function located on different chromosomes, including a 
blood clotting factor (van Willebrand factor), another involved in 
the neural circuitry regulating cardiovascular function (A2AB) 
and hemoglobins] is unparsimonious in the extreme.
These results highlight the important role of plate tectonics and 
biogeography in the early diversification of placental mammals. 
Nearly one-third of the extant orders of placental mammals 
belong to the superorder Afrotheria, and molecular clock esti­
mates suggest an origin for that lineage in the mid-Cretaceous 
(105-90 mya) at a time when the continent was isolated (8, 
24-26). When representatives of most of the extant placental 
orders first appear in the fossil record in the early Cenozoic 
(65-55 mya), many of the continents had at least periodic 
connection, and thus the distributions of those fossils may not 
accurately reflect the land areas where those groups arose (25). 
The challenge for paleontologists will be to locate more Creta­
ceous fossils of placentals to better understand the historical 
biogeography of mammals.
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Higher level relationships among placental mammals, as well as 
the historical biogeography and morphological diversification of 
this group, remain unclear1"3. Here we analyse independent mol­
ecular data sets, having aligned lengths of DNA of 5,708 and 2,947 
base pairs, respectively, for all orders of placental mammals. 
Phylogenetic analyses resolve placental orders into four groups: 
Xenarthra, Afrotheria, Laurasiatheria, and Euarchonta plus 
Glires. The first three groups are consistently monophyletic 
with different methods of analysis. Euarchonta plus Glires is 
monophyletic or paraphyletic depending on the phylogenetic 
method. A unique nine-base-pair deletion in exon 11 of the 
BRCA1 gene provides additional support for the monophyly of 
Afrotheria, which includes proboscideans, sirenians, hyracoids, 
tubulidentates, macroscelideans, chrysochlorids and tenrecids. 
Laurasiatheria contains cetartiodactyls, perissodactyls, carnivores, 
pangolins, bats and eulipotyphlan insectivores. Parallel adaptive 
radiations have occurred within Laurasiatheria and Afrotheria. 
In each group, there are aquatic, ungulate and insectivore-like 
forms.
The combination of fossil and anatomical data has suggested 
moderately well-resolved phylogenetic trees for the 18 extant orders 
of placental mammals1,2. DNA sequences have provided consistent 
support for only a few of the proposed superordinal groups, notably 
for Paenungulata (elephants, sea cows and hyraxes) and Cetartio­
dactyla (artiodactyls and whales)3, and have rejected some tradi­
tional clades such as Archonta (primates, tree shrews, flying lemurs 
and bats)4. Molecular data have also suggested new sets of relation­
ships; Afrotheria, a group that includes paenungulates, aardvarks, 
elephant shrews, golden moles and tenrecs, is supported by both 
mitochondrial ribosomal RNA and nuclear protein-coding genes5,6. 
These same sequences suggest that lipotyphlan insectivores are 
paraphyletic or polyphyletic.
Increased resolving power may result from concatenations of 
individual genes7. We concatenated DNA sequences for mitochon­
drial RNA genes and three nuclear genes (A2AB, IRBP, vWF), 
including 16 new sequences (see Methods). This data set includes 
26 placental taxa, representative of all eutherian orders, and two 
marsupial outgroups (see Fig. 1A). In addition, golden mole and 
tenrec, belonging to the insectivore families Chrysochloridae and 
Tenrecidae, respectively, are represented by sequences for all genes
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Figure 1 Rooted maxlmum-llkellhood trees. A, The 5,708-bp data set. B, The 2,947-bp 
data set. For chlmaerlc sequences In A, the combined species or the higher taxonomic 
unit are lndlcated. Branch lengths are proportlonal to the amount of sequence change 
(scale bar, 10% sequence divergence). Bootstrap support values for nodes b -j with 
different phylogenetic methods are shown in Table 1; nodes labelled a are supported at or 
above 90% by all methods. Afrotheria also includes golden moles and tenrecs, which are 
not represented by IRBP sequences, and therefore not shown in A; in analyses with the
5,708-bp data set that included golden mole and tenrec, bootstrap support for Afrotheria 
ranged from 88% to 100%. For the 5,708-bp data set, the 12 statistically acceptable
branches for the location of the root, in decreasing order of likelihood score, are branch b 
(as shown), sloth, rabbit, branch leading to rat/mouse, branch c, branch d, branch e, 
cavlomorph, branch j, tree shrew, branch leading to flying lemur + tree shrew, and 
galago/lorls; other branches were rejected. For the 2,947-bp data set, the statistically 
acceptable options, in decreasing order of likelihood score, were branch c (as shown), 
branch b, and the base of Xenarthra. The name Laurasiatheria ("from the area of Laurasia 
or Europe + Asia + North America’ ’)18 was suggested for this clade, but no support in the 
form of bootstrap analyses and/or statistical tests was provided.
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except IRBP; inclusion of these taxa in a subset of analyses was 
necessary to investigate the proposed diphyly of the insectivores and 
to confirm the naturalness of Afrotheria. In all, 5,708 aligned 
nucleotide positions were used in phylogenetic analyses.
Hypothesis testing with independent data sets is fundamental in 
phylogenetics. To establish a data set that was independent of the
5,708-bp concatenation, we sequenced roughly 3 kilobases (kb) of 
exon 11 of the single-copy breast and ovarian cancer susceptibility 
gene 1 (BRCA1) for 33 taxa and combined these with 19 GenBank 
sequences (see Methods). The aligned BRCA1 data set includes 
representatives of all placental orders and one marsupial outgroup 
(for names, see Fig. 1B). Finally, we combined the 5,708-bp and 
2,947-bp data sets (total 8,655 bp) for 26 overlapping placentals and 
one marsupial.
Phylogenetic trees (maximum likelihood) for the 5,708-, 2,947- 
and 8,655-bp data sets are shown in Fig. 1A and B, and Supple­
mentary Information, respectively. Bootstrap support values for 
different phylogenetic methods are given in Table 1 for the 5,708- 
and 2,947-bp data sets, and in Supplementary Information for the 
8,655-bp data set. In spite of the differences in taxonomic sampling, 
as well as some conspicuously long branches on the BRCA1 tree, 
placental orders are resolved into the following four groups on all 
three maximum-likelihood trees: Xenarthra, Afrotheria, Laura­
siatheria, and Glires (rodents and lagomorphs) + Euarchonta 
(flying lemurs, tree shrews and primates). Xenarthra, Afrotheria, 
and Laurasiatheria are robust with different phylogenetic methods 
(Fig. 1B; Table 1; Supplementary Information). Afrotheria is also 
supported by a 9-bp deletion that is shared by all 12 afrotherians 
that were included in our study (Fig. 2). The absence of this deletion 
in other placentals, as well as in marsupials, indicates that this 
feature maybe a shared derived character of Afrotheria. Despite the 
absence of any morphological evidence for Afrotheria2,8, it now 
becomes increasingly difficult to explain this hypothesis except in 
the context of shared common ancestry. Within Afrotheria, there is 
strong support for Paenungulata. Our analyses provide the first 
robust support for the Laurasiatheria clade. Within this clade, there 
is strong support for Cetartiodactyla and the monophyly of euli- 
potyphlan insectivores (hedgehogs, shrews and moles).
Support for Euarchonta + Glires was inconsistent, largely because 
the position of the root was sensitive to the phylogenetic method 
that was used (Table 1; Supplementary Information). Maximum- 
likelihood analyses with the BRCA1 data set provided 100% boot­
strap support for the monophyly of Glires + Euarchonta, whereas 
parsimony provided only 18% support. The shortest parsimony 
trees (two at 10,867 steps; Supplementary Information) for BRCA1 
root on Old World porcupine, rendering Euarchonta + Glires, 
Glires and Rodentia paraphyletic; 35 additional steps are required 
to root in the same location as the likelihood tree shown in Fig. 1B. 
Among the individual bootstrap replicate trees for parsimony, 
rootings occurred on long, topologically separated branches as
follows: Old World porcupine (69%); rat-mouse (11%); Madagas­
car hedgehog-tenrec (11%); tree shrew (4%); hedgehog (3%); and 
round-eared bat (2%). Maximum likelihood did not root on these 
long branches. Instead, there was 100% bootstrap support for the 
monophyly of Laurasiatheria + Euarchonta + Glires (branch c), and 
individual bootstrap replicate trees, with or without an allowance 
for rate-heterogeneity, rooted on branch b (base of Afrotheria), 
branch c or at the base of Xenarthra; these three branches are 
topologically adjacent, which suggests a strong affinity of the root 
for this general region of the tree. Furthermore, statistical tests with 
likelihood reject rooting the BRCA1 tree on all branches except for 
these three. Finally, Monte Carlo simulations mirrored our results 
for the actual BRCA1 data set and showed that parsimony will root 
on long branches and fail to recover the correct root given the 
topology depicted in Fig. 1B (Supplementary Information).
Twelve roots are statistically acceptable on the likelihood tree for 
the 5,708-bp data set (Fig. 1A). The three possible BRCA1 roots 
coincide with three of the five best roots on the 5,708-bp data set 
tree. These are also the three best roots for the 8,655-bp data set. 
Although several roots in the Euarchonta + Glires group could not 
be rejected with the 5,708- and 8655-bp data sets, we do not favour 
these roots. First, there are numerous morphological synapomor- 
pies for both rodent monophyly9 and Glires2. Second, other mole­
cular results also favour rodent monophyly and even the monophyly 
of Glires, when phylogenetic methods are used that address prob­
lems such as nonstationarity and long-branch attraction10,11.
Afrotheria and Xenarthra have observed first occurrences in the 
fossil record on Southern Hemisphere landmasses— Africa in the 
case of Afrotheria5,6 and South America in the case of Xenarthra12. 
First occurrences in the fossil record do not permit unequivocal 
assignment of continental origin. Nevertheless, there is a strong 
possibility that Afrotheria and Xenarthra have Gondwanan origins. 
Of the three roots (base of Afrotheria, branch b; base of Laura­
siatheria + Euarchonta + Glires, branch c; base of Xenarthra) that 
are statistically acceptable on all three trees, rooting on the xenar- 
thran branch is the only hypothesis that is consistent with the 
morphology-based Epitheria hypothesis2. At the same time, rooting 
on the Xenarthra branch results in paraphyly of a possible Gond- 
wanan group (i.e., Xenarthra + Afrotheria) at the base of the 
placental tree. Rooting on branch b also results in paraphyly of 
this Southern Hemisphere group. The suggestion that a Gondwanan 
assemblage is paraphyletic at the base of the tree contrasts with 
traditional views on the evolution of placental mammals, which 
place their most recent common ancestor in the Northern 
Hemisphere13. Considering the debate about the timing of the 
principal placental divergences14,15, the paucity of Cretaceous 
mammal fossils from the Southern Hemisphere15, and the discov­
eries oftribosphenic fossils in the Southern Hemisphere, including a 
possible placental16, a Gondwanan origin for extant placentals 
should not be excluded. A Southern Hemisphere ancestry for
Table 1 Bootstrap support percentages for branches b-j in Fig. 1 with different phylogenetic methods
P a rs im o n y D is ta n c e  m e th o d s M a x im u m  like lihood
N o d e U n w e ig h te d T ra n s v e rs io n N J-W A V E ML- G TR L o g d e t N o  r a te h e te ro g e n e ity R a te  h e te ro g e n e ity
5 ,7 0 8 2 ,9 4 7 5 ,7 0 8 2 ,9 4 7  5 ,7 0 8  2 , 9 4 7 5 ,7 0 8 2 ,9 4 7 5 ,7 0 8  2 ,9 4 7 5 ,7 0 8 2 ,9 4 7 5 ,7 0 8 2 ,9 4 7
b 1 0 0 8 9 1 0 0 8 3 1 0 0 9 6 1 0 0 7 6 1 0 0 9 4 1 0 0 1 0 0 1 0 0 1 0 0
c 5 3 11 6 2 2 9 51 5 6 19 4 0 3 0 3 9 4 5 1 0 0 6 4 1 0 0
d 7 9 2 2 7 4 3 0 41 6 9 9 9 4 8 1 0 0 61 8 0 9 9 9 4 9 9
e 5 3 3 4 2 6 5 3 4 4 2 17 5 4 15 41 6 7 5 9 6 8
f 9 7 8 8 71 8 3 9 8 8 9 9 9 8 4 9 9 8 5 9 9 9 9 9 6 9 8
g 4 8 18 5 8 3 0 6 4 9 5 3 5 10 3 4 4 4 1 0 0 6 6 1 0 0
h 9 3 13 7 2 4 2 1 0 0 8 5 1 0 0 8 8 1 0 0 8 8 9 8 3 6 9 6 4 4
i 9 5 9 5 9 4 1 0 0 1 0 0 1 0 0 7 6 9 9 7 4 9 9 1 0 0 1 0 0 9 6 1 0 0
J 9 6 9 3 8 7 9 7 7 6 9 7 81 8 9 7 8 9 8 9 9 1 0 0 9 9 1 0 0
In th e f irs t row , 5 ,7 0 8  a n d  2 ,9 4 7  r e fe r to th e  5 ,7 0 8 -b p  a n d  2 9 7 4 -b p  d a t a s e t s ,  re spectively . In m axim um -likelihood a n a ly se s th a td id n o ta llo w f o r ra te h e te r o g e n e ity ,  tran sitio n /tran sv ers io n  ra tio sw e re  s e to t  
1.81 a n d  2 .2 2  fo r th e  5 ,7 0 8 - a n d  2 9 4 7 -b p  d a t a s e t s ,  re spectively . In m axim um -likelihood a n a ly s e s th a ta l lo w e d f o r ra te  h e te ro g en e ity , tran sitio n /tran sv ers io n  ra tio sw e re  s e t o t  1 .8 9  a n d  2 .2 4 f o r th e  5 ,7 0 8 - 
a n d  2 9 4 7 -b p  d a ta  s e ts ,  re spectively . ML-G—R, m axim um  likelihood with g en e ra l tim e reversib le m odel; WAVE, w e ig h te d  a v e ra g e  d is ta n c e s  (se e  M ethods).
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crown group placentals also makes the Garden ofEden hypothesis15 
more viable as an explanation for the discrepancies between 
molecular and paleontological datings for the interordinal diversi­
fication of placental mammals14. Indeed, in agreement with other 
molecular studies that place basal placental divergences well before 
the Cretaceous/Tertiary boundary11,14, we estimate that the clades 
Afrotheria and Laurasiatheria diverged from each other during 
the Early Cretaceous, roughly 111-118 million years ago (Supple­
mentary Information).
Mitochondrial protein coding genes have been used to examine 
interordinal relationships. A study17 that included 11 placental 
orders provides support for a clade that resembles Laurasiatheria 
and contains cetartiodactyls, perissodactyls, carnivores, bats and 
mole (pangolin was not represented). The key difference is that 
hedgehog is dissociated from the other eulipotyphlan (mole), and 
even from other laurasiatherians, in the mitochondrial protein 
trees. Thus, our data minimize the sundering of Lipotyphla into 
two orders, Afrosoricida (golden moles, tenrecs)6 and 
Eulipotyphla18, whereas mitochondrial protein genes additionally 
contradict eulipotyphlan monophyly17.
Our molecular results support morphology-based hypotheses 
such as Paenungulata. Other hypotheses, such as Ungulata (cetar- 
tiodactyls, paenungulates, perissodactyls and tubulidentates), 
Altungulata (paenungulates and perissodactyls), Anagalida (Glires 
and elephant shrews), Lipotyphla, Archonta, Volitantia (bats and 
flying lemurs), Artiodactyla and Edentata (xenarthrans and pholi- 
dotes) are rejected with statistical tests (Supplementary Informa­
tion) in favour of Afrotheria and Laurasiatheria. If hypotheses such 
as Afrotheria and Laurasiatheria are correct, then morphology has 
failed to recover some of the most fundamental clades in all of
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Eutheria and has not revealed even a single synapomorphy for these 
groups. Morphological synapomorphies, if they were present, may 
have been eroded or overprinted during the subsequent evolution­
ary history of these groups.
Placental and marsupial mammals underwent parallel adaptive 
radiations that resulted in spectacular examples of convergence. The 
current evidence also suggests parallel adaptive radiations in the 
placental clades Afrotheria and Laurasiatheria. Ungulate-like forms 
include perissodactyls and artiodactyls in Laurasiatheria and hyr- 
acoids in Afrotheria. Extant hyracoids represent only a fraction of 
the diversity once present in Hyracoidea and extinct forms show 
convergence in body size and dental morphology towards suids, 
tapirs, and equoids19. Indeed, hyracoids were Africa’s dominant 
small- to medium-sized terrestrial herbivores during the 
Oligocene19. Pangolins (Laurasiatheria) and aardvarks (Afrotheria) 
both show specializations for ant-eating. Fully aquatic forms 
include cetaceans in Laurasiatheria and sirenians in Afrotheria. 
Examples among the insectivores include true moles (Talpidae) in 
Laurasiatheria versus golden moles (Chrysochloridae) in 
Afrotheria, terrestrial shrews (Soricidae) in Laurasiatheria versus 
shrewlike tenrecs (Microgale) in Afrotheria, and hedgehogs (Erina- 
ceidae) in Laurasiatheria versus Madagascar ‘hedgehogs’ (Echinops) 
in Afrotheria. Beyond these comparisons, otters (Carnivora) in 
Laurasiatheria and African otter shrews (Potamogale) in Afrotheria 
resemble each other in general appearance and semi-aquatic habit. 
A noteable difference is the absence of flying mammals in 
Afrotheria.
Matthew20 suggested that ‘‘insectivores’’ were the central stock 
from which other eutherian orders originated, and there is abun­
dant evidence for insectivore-like mammals in the fossil record21. 
Even today, living lipotyphlan insectivores and fossil insectivores 
such as the Cretaceous palaeoryctids are often regarded as among 
the more primitive eutherian mammals1,2. Easteal22 suggested that 
primitive placentals from the Cretaceous may have diversified 
phylogenetically before they diverged morphologically and acquired 
the diagnostic features of ordinal level crown-group clades. The 
present results, which deploy living lipotyphlan insectivores into 
Laurasiatheria and Afrotheria, respectively, are consistent with the 
view that insectivore-like forms were the central stock from which 
other groups originated and further suggest that different insecti- 
vore-like lineages have independently given rise to diverse eutherian 
taxa in different geographic venues. The finding that parallel 
adaptive radiations have occurred within Eutheria also helps to 
explain the difficulties that have accompanied efforts to elucidate 
interordinal relationships based on morphology. □
Methods
Data collection and taxon sampling
Alpha 2B adrenergic receptor (A2AB) gene sequences (AJ251174-AJ251187) were 
obtained as described elsewhere5 except for Bradypus tridactylus, where betaine (1 M) and 
dimethyl sulphoxide (1.3%) were added for polymerase chain reaction (PCR) amplifi­
cation. 12S rRNA, transfer RNAvaline and 16S rRNA sequences were obtained for 
Otolemur crassicaudatus (AF179289), and a 16S rRNA sequence was obtained for Dugong 
dugon (AF179291) as described5. Additional sequences for A2AB, 12S rRNA, tRNAvaline, 
and 16S rRNAwere extracted from GenBank, as were sequences for the nuclear 
interphotoreceptor retinoid binding protein (IRBP) and von Willebrand Factor (vWF) 
genes. Species names and accession numbers are available in the Supplementary Infor­
mation. Thirty-two new placental BRCA1 sequences (AF283999-AF284030) were 
amplified using described primers7 or, in a few cases, with additional primers. Among 
marsupials, a 1.0-kb fragment of Macropus BRCA1 (AF284033) was amplified using 
BRCA1F26 (ref. 7) and R1164 (5'- tagargacttcytcctcagcct-3'), a 0.7-kb fragment of 
Lutreolina BRCA1 (AF284032) was amplified using F498 (5'-gaaagttaatgagtggttttccagaa- 
3') and R1164, and overlapping fragments of Vombatus BRCA1 (AF284031) were 
amplified using MBF1 (5'-gagccatgtggcacarayaytc-3') with MBR6 (5'- tcagtcttcyca- 
gaaaygctagaatttc-3'), F498 with R1164 and BRCVom1 (5'-agcttgaattaaatagtagaa-3') with 
R3042BR (5'-aagtgttggaagcagggaagctcttc-3'). Combing data was done as described7.
Figure 2 Positions 353-383 of the BRCA1 nucleotide alignmentfor representative taxa to Phylogenetic analysis
show the 9-bp deletion that occurs in all 12 afrotherians but not in 39 other placental Sequences were aligned using CLUSTALW23. Ambiguous regions of the 12S rRNA/tRNA 
mammals or in the 3 marsupials that were investigated. valine-16S rRNA alignment were excluded from phylogenetic analyses as were a glutamic
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acid repeat region of the A2AB gene and a21-bp region of the BRCA1 gene that is repeated 
up to four times. The aligned data sets were the following lengths: A2AB (1,164bp); IRBP 
(1,292bp); vWF (1,251bp); 12S rRNA/tRNAvaline-16S rRNA (2,001 bp); and BRCA1 
(2,947 bp). Alignments for the concatenated (A2AB + IRBP + vWF + rRNA) and BRCA1 
data sets are available in the Supplementary Information. Phylogenetic analyses included 
unweighted and transversion parsimony, minimum evolution (5,708-bp data set) or 
neighbour joining (BRCA1 data set) with logdet and maximum likelihood-GTR24 
distances, neighbour joining with weighted average (WAVE) maximum likelihood 
distances25, and maximum likelihood under the HKY85 (ref. 24) model of sequence 
evolution. Gaps were coded as missing in parsimony analyses. Maximum-likelihood 
estimates of relative rates and transition to transversion ratios were obtained from 
maximum parsimony trees and used in subsequent maximum-likelihood analyses and in 
calculating weighted-average maximum-likelihood distances. Bootstrap support values 
are based on 500 replications except for maximum likelihood (100 replications). 
Maximum-likelihood bootstrap analyses with the BRCA1 data set used the following 
backbone constraint, where taxon numbers correspond to the ordering of taxa (top to 
bottom) in Fig. 1B: (((1-4), (5, 6), (7, 8)), ((9, 10), 11-14), (15, 16), (17, 18), 19-21, 
((((22-24), 25), 26), 27), 28, (29, 30), 31-35, ((36, 37), (38, 39), (40, 41)), ((42, 43), 44), 
(45,46), 47, ((48,49), 50,51)). Kishino and Hasegawatests24 were used to examine apriori 
hypotheses and to examine statistically acceptable root locations. In the latter case, we 
obtained the best unrooted likelihood tree for each data set and then evaluated all possible 
root positions. All phylogenetic analyses and statistical tests were performed with PAUP 
4.0b2 (ref. 26), except for neighbour-joining with weighted average distances, where 
analyses were performed with PHYLIP 3.572 (J. Felsenstein) and WAVEBOOT (D. King 
and C. Krajewski). Maximum-likelihood analyses with rate partitions allowed the 
following eight rate partitions with the 5,708-bp data set: third positions of each nuclear 
gene; first + second positions of each nuclear gene; RNA stems; and RNA loops. Two rate 
partitions, corresponding to first + second and third codon positions, respectively, were 
used with the BRCA1 data set. NJ-WAVE analyses used a weighted-average distance 
approach25 with the eight partitions indicated above for the 5,708-bp data set and two 
partitions (first + second codon positions; third codon positions) for the 2,947-bp data 
set; each partition was allowed its own rate, base composition, and transition to 
transversion ratio. Monte Carlo simulations were performed with Seq-Gen 1.1 (ref. 27) 
(Supplementary Information). Molecular dates were estimated using QDATE28 
(Supplementary Information).
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The alpha 2B adrenergic receptor (A2AB) is a heptahelical G protein-coupled receptor for catecholamines. We 
compared the almost complete coding region (about 1,175 bp) of the A2AB gene from 48 mammalian species, 
including eight newly determined sequences, representing all the 18 eutherian and two marsupial orders. Comparison 
of the encoded proteins reveals that residues thought to be involved in agonist binding are highly conserved, as are 
the regions playing a role in G protein-coupling. The three extracellular loops are generally more variable than the 
transmembrane domains and two of the intracellular loops, indicating a lower functional constraint. However, the 
greatest variation is observed in the very long, third intracellular loop, where only a few residues and a polyglutamyl 
tract are preserved. Although this polyglutamyl domain displays a great variation in length, its presence in all 
described A2ABs confirms its proposed role in agonist-dependent phosphorylation of the third intracellular loop. 
Phylogenetic analyses of the A2AB data set, including Bayesian methods, recognized the superordinal clades Af­
rotheria, Laurasiatheria, and Euarchontoglires, in agreement with recent molecular evidence, albeit with lower sup­
port. Within Afrotheria, A2AB strongly supports the paenungulate clade and the association of the continental 
African otter shrew with Malagasy tenrecs. Among Laurasiatheria, A2AB confirms the nesting of whales within 
the artiodactyls, as a sister group to hippopotamus. Within the Euarchontoglires, there is constant support for rodent 
monophyly.
Introduction
The gene for the alpha 2B adrenergic receptor 
(SWISS-PROT name A2AB) has extensively been used 
in recent studies on mammalian phylogeny (Springer et 
al. 1997; Stanhope et al. 1998; Madsen et al. 2001; Mur­
phy et al. 2001 ô). A2AB has a length of about 450 ami­
no acid residues and is encoded by a single copy gene 
(Lomasney et al. 1990). The gene is intronless, so the 
coding sequence can almost completely be amplified 
and sequenced from genomic DNA. Thus, an analysis 
of the deduced protein sequences can provide a fairly 
complete impression of the evolution of the protein.
A2AB is a representative of the biomedically high­
ly important superfamily of G protein-coupled receptors 
(GPCRs) (Strader et al. 1995). With at least 616 mem­
bers in the human genome, it is one of the largest known 
gene families (Venter et al. 2001) and can be divided 
into six groups: class A to E and the frizzled-smooth- 
ened family (Bockaert and Pin 1999; Horn, Vriend, and 
Cohen 2001; see http://www .gpcr.org/7tm /). These 
membrane receptors mediate signals induced by extra­
cellular stimuli to the intracellular environment by way 
of guanyl nucleotide-binding proteins (G proteins). 
GPCRs are characterized by a bundle of seven trans­
membrane (TM) helices (TM1-7), which are connected 
by three extra- and three intracellular loops (EL1-3 and 
lL1-3, respectively), and have an extracellular N-ter-
minus and an intracellular C-terminus (Baldwin 1993). 
The only known GPCR crystal structure is that of rho­
dopsin, which is a class-A receptor (Palczewski et al.
2000). A2AB is also a class-A receptor and is one of 
the adrenoceptors (adrenergic receptors) in the subfam­
ily of amine receptors. Three types of mammalian ad­
renoceptors can be distinguished: alpha 1, alpha 2, and 
beta, each again having at least three subtypes. Class-A 
receptors bind mostly small ligands inside the helical 
bundle and are characterized by a conserved aspartate 
in TM2, important for monovalent cation regulation, and 
a tripeptide DRY or ERW at the intracellular end of 
TM3, involved in G-protein coupling (Ceresa and Lim­
bird 1994; Oliveira et al. 1994; Strader et al. 1995; 
Scheer et al. 1996).
A2AB is a receptor for catecholamines, such as 
adrenaline and nonadrenaline, and mainly mediates the 
inhibition of adenylyl cyclase by way of coupling to 
Gi/o-proteins (Limbird 1988), but stimulation of adenylyl 
cyclase by way of coupling to Gs-proteins has also been 
reported (Eason et al. 1992). A2Ab  has a distinct ex­
pression in various tissues, mostly in the periphery, with 
highest expression in the kidney (e.g., Eason and Liggett 
1993; Link et al. 1996). Knockout studies in mouse have 
shown that lack of the A2AB gene influences viability, 
the response to salt-induced hypertension, and blood 
pressure responses to agonists (Link et al. 1996; Mak- 
aritsis et al. 2000). Special features of A2AB are the 
absence of N-linked glycosylation sites in the extracel­
lular domains and the presence of a very long, third 
intracellular loop, which contains a unique glutamate re­
peat. The third intracellular loop is necessary for micro­
tubule sorting of A2AB to the cell surface (Saunders 
and Limbird 2000), whereas the polyglutamate domain 
is required for short-term agonist-promoted phosphory­
lation and consequent desensitization of A2Ab  (Jewell- 
Motz and Liggett 1995; Small et al. 2001). As with
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Table 1
Species Names and Corresponding Accession Numbers of Sequences Used in this Study
Scientific Accession Scientific Accession
name Common Name Number Name Common Name Number
Amblysomus hottentotus Golden mole Y12526
Balaenoptera physalus Fin whale AJ251175
Bos taurus Bovine Y15944
Bradypus tridactylus 3-toed sloth AJ251179
Cavia porcellus Guinea pig AJ271336*
Cavia porcellus Guinea pig U25723
Cynocephalus variegatus Flying lemur AJ251182
Cynopterus sphinx Fruit bat AJ251181
Diceros bicornis Black rhino AJ251184
Didelphis marsupialis Opossum Y15943
Dugong dugon Dugong Y15947
Echinops telfairi Madag hedgehog Y17692
Elephas maximus Asian elephant Y12525
Equus caballus Horse Y15945
Erinaceus europaeus Hedgehog Y12521
Felis catus Cat AJ251174
Hippopotamus amphibius Hippo AJ251178
Hipposideros commersoni Leaf-nosed bat AF337538
Homo sapiens Human M38742
Homo sapiens Human AF316895
Hylomys suillus Gymnure AJ505819*
Lagenorhynchus albirostris Dolphin AJ315940
Lama pacos Alpaca AJ315941
Lama pacos Alpaca AJ505821*
Macropus rufus Kangaroo AJ251183
Macroscelides proboscideus Elephant shrew Y12524
Macrotus californicus Leaf-nosed bat AJ251180
Manis sp. Asian pangolin AJ251185
Manis tetradactyla Long-tailed pangolin AJ505820*
Megaderma lyra Vampire bat AF337537
Micropotamogale lamottei Otter shrew AJ251107*
Mus musculus Mouse L00979
Myotis daubentoni Daubenton’s bat AF337540
Nycticebus coucang Loris AJ251186
Orycteropus afer Aardvark Y12522
Oryctolagus cuniculus Rabbit Y15946
Phoca vitulina Seal AJ251176
Physeter catodon Sperm whale AJ427417*
Procavia capensis Hyrax Y12523
Pteropus rayneri Flying fox AF337539
Rattus norvegicus Rat M32061
Sciurus vulgaris Squirrel AJ315942
Sus scrofa Pig AJ251177
Tadarida brasiliensis Free-tailed bat AF337542
Talpa europaea Mole Y12520
Taphozous sp. Sheath-tailed bat AF337543
Tapirus terrestris Tapir AJ315939
Tenrec ecaudatus Common tenrec AJ251108*
Tonatia bidens Round-eared bat AF337541
Trichechus manatus Manatee AJ251109*
Tupaia tana Tree shrew AJ251187
* Indicates new  sequences for this study.
many other GPCRs (Pierce and Lefkowitz 2001), de­
sensitization and internalization of A2AB is mediated 
by arrestins (DeGraff et al. 1999).
Little attention has generally been given to the mo­
lecular evolutionary information of genes used in phy­
logenetic studies. In this article we analyze the evolution 
of the structure and function of A2AB from 48 mam­
malian species. In addition, we also use a subset of 41 
A2AB sequences to compare the phylogenetic relation­
ships supported by the A2AB sequences with those ob­
tained from concatenated data sets (e.g., Madsen et al. 
2001; Murphy et al. 2001 b). Combined data sets are 
required to get a robust phylogenetic tree, but it remains 
important to know the congruence with results obtained 
from single genes.
Materials and Methods
Eight new A2AB sequences are reported in this 
study and combined with 43 A2AB sequences extracted 
from the EMBL databank (release 68, September 2001) 
(table 1). The new A2AB sequences were obtained as 
described elsewhere (Springer et al. 1997; Madsen et al. 
2001). In short, the primers A2ABFOR (5'-ascccta- 
ctcngtgcaggcnacng-3') and A2ABREV (5'-ctgttgcagta- 
gccdatccaraaraaraaytg-3') were used for PCR amplifi­
cation on genomic DNA with the Expand High Fidelity 
PCR system (Boehringer Mannheim). PCR products 
were directly sequenced on both strands with internal 
primers or cloned into a pGEM-T vector (Promega), or 
both. If a sequence was determined from cloned DNA 
only, clones from at least two independent PCRs were 
sequenced to detect ambiguity caused by the PCR or
allelic variations, or both. Sequencing was done with the 
Thermo Sequenase fluorescent-labeled primer or Ther­
mo Sequenase Cy5 Dye Terminator cycle sequencing 
kits (Amersham Pharmacia Biotech).
Amino acid sequence alignments were made with 
GCG PILEUP (Wisconsin Package Version 10.0, GCG, 
Madison) and further optimized by eye. The nucleotide 
alignment was adjusted to correspond with the amino 
acid alignment.
To reduce computing time, seven of the nine bat 
species were excluded from the phylogenetic analyses 
because the relationships within bats (as based on 
A2AB) has recently been shown (Springer et al. 2001). 
Furthermore, we only used one of the alleles from hu­
man, alpaca, and guinea pig. Phylogenetic analyses were 
done on a 39-taxon (eutherians only) and a 41-taxon 
data set (eutherians plus out group marsupials) (see Re­
sults). Because great variability in base composition is 
observed at third codon positions (data not shown), phy­
logenetic analyses were performed with third codon po­
sitions unweighted and as transversions only, and with­
out third codon positions. We further used the logdet 
model of sequence evolution (e.g., Lake 1994) in dis­
tance analyses to compensate for any possible hetero­
geneity in base composition among species. The glutam­
ic acid domain in IL3 was excluded in phylogenetic 
analyses because it is difficult to align.
The following methods were used to obtain phy­
logenetic trees: maximum parsimony on DNA and ami­
no acids, minimum evolution on DNA with logdet dis­
tances (e.g., Lake 1994), bio-neighbor joining (Gas­
cuel 1997) on protein with JTT matrix distances (Jones,
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Taylor, and Thornton 1992), maximum likelihood on 
DNA, and Bayesian posterior probability on DNA. 
PAUP4.0b2-4 (Swofford 1998) was used for parsi­
mony, distance on DNA, and maximum likelihood 
analyses. The programs SEQBOOT, PROTDIST, and 
Co N s ENSE from the PHYLIP package (Felsenstein 
2001), and BIONJ (Gascuel 1997) were used for dis­
tance analyses on amino acids.
Parsimony analyses included first, second, and third 
codon position unweighted; first and second position un­
weighted, with third position transversions only; first 
and second position unweighted; and amino acid un­
weighted. Ten random input orders of sequences were 
used, with gaps scored as missing, and in all PAUP anal­
yses, the tree bisection-reconnection branch swapping 
option was used to swap branches. Bootstrap analyses 
included 500 or 100 replicates for DNA (parsimony- 
distance and maximum likelihood, respectively) and 250 
replicates for amino acid sequences.
Maximum likelihood analyses were done with the 
HKY85 (Hasegawa, Kishino, and Yano 1985) model of 
sequence evolution. Transition to transversion ratios 
were calculated on minimum evolution trees obtained 
with HKY85 distances. These values were subsequently 
used for maximum likelihood calculations.
Bayesian phylogenetic analyses were performed 
with MRBAYES 2.1 (Huelsenbeck and Ronquist 2001). 
First, modeltest 3.06 (Posada and Crandall 1998) was 
used to determine which model of sequence evolution 
best fits the data under the maximum likelihood as­
sumption. The best ML model of sequence evolution 
was subsequently used in Bayesian analyses, and the 
Metropolis-coupled Markov chain Monte Carlo sam­
pling approach was used to calculate posterior proba­
bilities. Initial probabilities for all trees were equal, and 
starting trees were random. Four Markov chains were 
run simultaneously 200,000, 350,000, and 500,000 times 
(to check consistency of results), tree sampling was done 
every 10 generations, and burn-in values were deter­
mined from the likelihood values.
Partitioned phylogenetic analyses included the fol­
lowing four partitions: extracellular (positions 14-24, 
61-97, 138-181, and 395-422 in fig. 1), intracellular 
(25-60, 98-137, 182-298, and 320-394), intracellular 
without the variable parts of IL3 (25-60, 98-137, 182­
202, and 372-394), and the variable parts of IL3 (203­
298; and 320-371). Analyses on partitioned data were 
on protein with JTT matrix distances only, and the num­
ber of bootstrap replicates were 100 (see above for 
details).
The rate of nonsynonymous nucleotide substitu­
tions (NNS) per site between human and mouse A2AB 
was calculated with MEGA 2.0 (Kumar et al. 2001), 
using the method of Li, Wu, and Luo (1985). The di­
vergence between human and mouse was set to 80 Myr 
(to make NNS of A2AB comparable with that of Graur 
and Li 2000), and the rate unit is per site per billion 
years. This unit was used to facilitate the comparison of 
the NNS rate of A2AB with that of other mammalian 
protein-coding genes. The part of the human and mouse 
A2AB used to calculate the NNS corresponds to posi­
tions 14-405 in the human sequence, and the glutamic 
acid domain in IL3 was included in this calculation.
To detect whether the A2AB data set contains any 
significantly long branches, we performed RASA anal­
yses using the program RASA 3.01 (Lyons-Weiler 
2001).
Results and Discussion
Molecular Evolution of A2AB
A2AB sequences, including the eight newly deter­
mined ones, are now available for 48 mammalian spe­
cies. These represent all the 18 eutherian orders and the 
major subordinal groups, as well as two species from 
divergent marsupial orders. Figure 1 relates the amino 
acid sequence variation deduced from the amplified part 
of the A2AB genes to the structural features of the pro­
tein. This composite sequence immediately reveals that 
most residues in the TM domains, in the intracellular 
loops IL1 and IL2, and in the extracellular loop EL1 are 
strictly conserved. It also emphasizes the huge sequence 
variability in the long IL3 and in EL2, and less so in 
EL3. In IL3, as many as nine different residues can be 
found at corresponding positions in different A2AB se­
quences, and it is the only region where indels occur. 
The observed sequence conservation and variability can 
be interpreted as follows.
Transmembrane Domains
Residues in TM3, TM5, and TM6 that are thought 
to be involved in ligand binding (* in fig. 1) are all 
conserved. The same is true for the intracellular ends of 
TM3 and TM6 that participate in G-protein coupling (% 
in fig. 1). The distribution of variable positions in the 
TM domains is interesting. Residues facing inward into 
the TM bundle are better conserved than those facing 
outward to the lipid bilayer (black and gray, respective­
ly, in fig. 1). O f the former, only 9% are variable, against 
34% of the lipid-facing positions, which also allow mul­
tiple replacements more often. Six of the seven inward- 
facing replacements are conserved with respect to side 
chain size, whereas residues oriented toward the lipid 
layer show greater size variation. Inward-facing residues 
are clearly more constrained than outward-facing ones 
in terms of size and chemical properties, reflecting their 
closer packing and tighter interaction with other residues 
in the TM bundle.
Extracellular Loops
Despite considerable sequence variation, it is note­
worthy that all three extracellular loops have conserved 
their lengths. This suggests that the length of these loops 
is important for maintaining the proper conformation of 
the receptor. In EL1, only one position (81) is variable, 
whereas the other five form a conserved ‘‘GYWYF mo­
tif’’ (positions 75-80). The sequence YWYF is also re­
tained in other alpha 2 adrenergic receptors (A2AA and 
A2AC), whereas W78 is conserved in all amine receptors 
but not in other class-A (rhodopsin-like) receptors 
(http://www.gpcr.org/7tm/). In the crystal structure of
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Fig. 1.— Sequencevariationinm am m alianA 2B B .Teieobservedvariation is givenabove them ajorityconsensussequenceosositionsl-— 
422), as deduced from an alignment o f A2AB sequences from 46 eutherian and two marsupial species. Because of the localization o f the PCR 
primers, all but four o f the 48 sequences miss the nucleotides coding for the 13 N-terminal and 42 C-terminal residues o f the protein. The 
sequence from positions 1 to 13 and from 423 to 464 is human and includes the positions o f the two primers used for PCR (arrows). Gaps are 
indicated by - .  Residues involved in ligand binding in other adrenergic receptors (B2AR, A1AB, and A2AA; SWISS-PROT names (Ballesteros, 
Shi, and Javitch 2001)) are indicated by *, and ¥ indicates the conserved D58 important in monovalent cation regulation of GPCRs (Ceresa and 
Limbird 1994). G-protein coupling regions predicted in the three alpha 2 a d re^^ cep to r subtypes A2AA, A2AB, and A2AC (Wade et al. 1994; 
Eason and Liggett 1995; Saunders and Limbird 2000) are indicated by %. The secondary structure o f A2AB, as predicted from the crystal 
structure o f bovine rhodopsin (Palczewski et al. 2000), shows the positions o f TM regions (TM1-7), intracellular loops (IL1-3), and extracellular 
loops (EL1-3). To predict the secondary structure, highly conserved TM positions (#) were used to align A2AB with bovine rhodopsin (Bal­
lesteros, Shi, and Javitch 2001). Side chains in the TM domains predicted to face the lipid bilayer are marked in gray; those facing inward in 
the TM bundle are in black; and those unassigned are in white. For the glutamic acid domain in IL3, only the consensus sequence is given, 
and the variability o f this domain in different species is presented in figure 2.
rhodopsin, EL1 as well as EL3 run along the periphery 
of the receptor (Palczewski et al. 2000). If this also ap­
plies to A2AB, EL1 may be in direct contact with other 
extracellular parts (EL2, EL3, distal parts of TM helices) 
thus stabilizing the conformation of the receptor. A func­
tional role for W78 is supported by the finding that mu­
tation to alanine or phenylalanine results in a 40-fold 
decrease in the binding of acetylcholine in the musca­
rinic m1 receptor (Matsui, Lazareno, and Birdsall 1995). 
Such a function of W78 would imply that EL1 is situated 
in the center of the receptor, close to or as a lid above 
the ligand-binding pocket, taking part in ligand binding 
or selection.
In EL2, 12 of the 19 residues are variable or even 
hypervariable. The conserved C164, found in most 
GPCRs, forms a structurally important disulfide bond 
with C85 at the extracellular end of TM3 (Srvrrese, 
Wang, and Fraser 1992). The adjacent proline (P162) 
might be conserved to allow EL2 to bend back into the 
helix bundle when forming the C85-C 164 disulfide bond.
In rhodopsin, two antiparaHe! ß-strands are present in 
EL2, corresponding to positions —154-158 and —163­
166 in A2AB, of which the latter forms a part of the 
ligand-binding pocket (Palczewski et al. 2000). It seems 
unlikely that similar ß-strands are present in A2AB be­
cause these positions are quite variable in this protein. 
The h y p e r v ^ ^ e  nature of position 165 also makes it 
difficult to imagine that this region is a part of the bind- 
ing-site crevice in A2AB. In rhodopsin, the residues cor­
responding to Y150 and N 167 in A2AB are near each 
other, which, considering their conservation, may also 
be the case in A2AB. In class-A receptors, the N-ter- 
minal residues of EL2 are possibly important, either 
structurally or for ligand binding (Javitch et al. 2000). 
This could explain the relative conservation of this re­
gion in A2AB (positions 150-153).
Five out of the eight residues are conserved in EL3. 
Two of these, C415 and P418, are retained in other alpha- 
2 adrenergic receptors, but not in the alpha-! and beta- 
adrenergic receptor families, indicating a possible role
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in the former (http://www.gpcr.org/7tm/). As mentioned, 
EL3 runs along the periphery of the receptor in rhodop­
sin. EL swapping experiments between beta-3 and al- 
pha-1a adrenergic receptors have shown that EL3 plays 
a role in controlling receptor and G-protein affinity, 
probably by influencing the helical packing (Zhao, Gaiv- 
in, and Perez 1998). The same probably applies for EL3 
in A2AB.
Intracellular Loops IL1 and IL2
The strict conservation of IL1 seems difficult to 
explain because no particular role has been suggested 
for this loop. Indeed, mutation in A1AB of the two basic 
residues in IL1 (corresponding to positions 41 and 44 
in A2AB) does not have any effect on receptor activa­
tion and G-protein coupling (Greasley et al. 2001). On 
the other hand, IL1 in rhodopsin has a rigid organization 
(Palczewski et al. 2000) which may demand specific 
types of residues; the same may apply to A2AB, con­
sidering that the basic amino acids R41 (K in rhodopsin) 
and R44, as well as L43 are conserved between rhodopsin 
and A2AB.
IL2 forms a part of the site for selective coupling 
of the G-protein complex (e.g., Ostrowski et al. 1992; 
Palczewski et al. 2000). Only three positions are con­
servatively variable, indicating that only few changes 
are tolerated to maintain subtype-specific G-protein cou­
pling. One of these variable sites, S122, may play a role 
together with R116 and A 113 in the difference in dose- 
response-induced cAMP production between A2AB and 
A2AA in Sf9 cells (Nasman, Jansson, and Akerman 
1997). Interestingly, although all placentals have A 113, 
this is S113 in the marsupial A2AB, as in the A2AA 
sequence at this position. This may suggest some dif­
ferences in dose-response-induced cAMP production 
between placental and marsupial A2AB.
IL3 and the Polyglutamate Repeat
IL3 is extremely variable in A2AB, including many 
indels. However, the length is maintained, between 155 
and 177 residues, and thus seems functionally important. 
In agreement with their role in G-protein coupling, the 
very N- and C-terminal ends of IL3 are relatively more 
conserved. In A2AA, both the N- and C-terminal ends 
are required for Gs coupling, whereas either one is suf­
ficient for Gi coupling (Eason and Liggett 1996). The 
maintenance of two such Gi-coupling domains in one 
receptor is considered indicative of a strong evolution­
ary constraint. If A2AB also has redundant Gi-coupling 
domains, the greater conservation of the N- than the C- 
terminal end could reflect that they preferably couple 
different Gi proteins and therefore are under different 
evolutionary pressure to maintain optimal coupling.
In the hypervariable part of IL3, only very few res­
idues and regions are conserved, notably E248, P335, po­
sitions ~346-~ 353 , and the polyglutamate tract from 
position 299 to 319, shown in figure 1. All sequenced 
A2ABs possess such an acidic domain, but the length— 
and thus net acidity—variesconsiderablybetweenspe- 
cies (fig. 2). The longest sequences are found in various
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sequences. To better reveal the length variation, alignment o f the polyE 
tracts is not optimized. Codon usage for glutamic acid in the polyE 
domains is indicated by black for GAG and gray for GAA. At the 
bottom, the allelic variation in human, guinea pig, and alpaca is given 
at the DNA level. For full species names, see Materials and Methods. 
Pangolin as. and pangolin af. refer to pangolin with Asian (Manis sp.) 
and African (Manis tetradactyla) origin, respectively.
cetferungulates (tapir, horse, pangolin, alpaca). Length 
polymorphisms within a species also occur. In humans, 
a three-residue deletion has been found (Baldwin et al. 
1999; Heinonen et al. 1999; Small et al. 2001; Snapir 
et al. 2001), which has a frequency of 0.31 in Cauca­
sians and 0.12 in African-Americans (Small et al. 2001). 
Among the 44 A2AB sequences that we determined, 
there was one case of length heterozygosity in the acid 
domain; in alpaca, two alleles were found, of which one 
had an 18 bp tandem repeat, coding for the sequence 
AAEEEE (alpaca 1, in fig. 2). Also, the guinea pig sam­
ple that we sequenced differed from the entry in the 
database in having one less Glu in the repeat (guinea 
pig 1, in fig. 2), in addition to five other amino acids 
differences.
Length variation of such poly-amino acid tracts is 
caused by unequal crossing-over and replication slip­
page, and is stabilized by point mutations (e.g., Smith 
1976; Levinson and Gutman 1987; Jeffreys, Neil, and
human 1 
human 2
GAT GAA GCT GAA 
GAT GAA GCT GAA
GAA
3AA
p ig  1 
p ig  2
GAA GCT 
3AA GCT
GAA
GAA
GCT GCA 
GCT GCA
GAA
GAA
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Neumann 1998; Alba, Santibanez-Koref, and Hancock 
1999). Length variation by replication slippage is char­
acterized by identical codon repeats, whereas mixed co­
don usage may indicate unequal crossover, replication 
slippage followed by point mutations, or a combinations 
of these processes. As seen in figure 2, GAG (black) is 
the most frequently used Glu codon, but it is often in­
terrupted by one or more GAA codons (gray) or codons 
for other amino acids. The latter are apparently under 
selective control, considering that next to E and D, al­
most exclusively A, V, and G seem to be allowed at 
positions 3-5 in the eutherian polyE tract. Whereas rep­
lication slippage is likely to occur in the GAG repeats, 
unequal crossing-over is more probably involved in the 
length polymorphisms in alpaca and humans (bottom, 
fig. 2).
Functional studies have shown that the acid domain 
is necessary for optimal agonist-promoted phosphory­
lation and the consequent desensitization of human 
A2AB (Jewell-Motz and Liggett 1995; Small et al.
2001). The shorter polyE allele in humans is associated 
with reduced metabolic rate in obese subjects and is a 
genetic risk factor for acute coronary events (Heinonen 
et al. 1999; Snapir et al. 2001). Also, in combination 
with a W64R polymorphism in the beta-3 adrenoceptor, 
an effect on fat mass is observed (Dionne et al. 2001). 
A full-length acid stretch is thus necessary for optimal 
receptor function of human A2AB. It has been suggest­
ed that the polyE tract provides the acid milieu that is 
required for the activity of the G protein-coupled re­
ceptor kinases (GRK) 2 and 3, which mediate the ago­
nist-promoted phosphorylation of A2AB (Jewell-Motz 
and Liggett 1995). Such a functional role for acidic 
tracts might be more general because they are found in 
several other GPCRs (e.g., ACM1 and B1AR) and gen­
erally in their cytoplasmic domains. However, align­
ments of these GPCR sequences from different species 
(from http://www.gpcr.org/7tm/) reveal little length var­
iations in their acid domains. Thus, in the case of A2AB, 
the conspicuous interspecies variation in length and 
acidity of the acid domain might possibly relate to the 
degree of phosphorylation needed in different species 
for desensitization and internalization of their A2AB re­
ceptors by way of beta-arrestin or reflect the conditions 
needed for optimal activity of GRKs in different species. 
A mutual adaptation between the level of desensitizatioe 
needed for regulating activity, i.e., number of cell mem­
brane receptors, and phosphorylation o f different 
A2ABs can thus be envisaged (Daunt et al. 1997; 
DeGraff et al. 1999; Schramm and Limbird 1999).
IL3 is involved in microtubule-dependent sorting 
of A2AB (Saunders and Limbird 2000). The conserva­
tion of positions 346-353 may be important in this pro­
cess to interact with proteins that bind to IL3, such as 
spinophilin and 14-3-3-Ç (Prezeau et al. 1999; Richman 
et al. 2001). Binding of arrestin to this domain is less 
likely because this is hyperphosphorylation dependent 
(Small et al. 2001), and there is only one phosphorylat- 
able Thr in this domain. The conservation of E248 and 
P336 is difficult to explain. One might speculate that P336 
allows IL3 to bend and bring the acid domain close to
the serines and threonines that must be phosphorylated 
upon ligand binding and that E248 contributes to creating 
the proper acid milieu for GRK activity or is needed for 
phosphorylation of specific residues. Mutation studies 
are needed to confirm these speculations.
Evolutionary Rate o f  A2AB
Compared with other members of the adrenergic 
receptor family, A2AB seems to have one of the highest 
rates of evolutionary change. Whereas most adrenergic 
receptors, such as A1AB and B1AB, show identity 
scores around or above 90% between mouse-rat and hu­
mans (www.cmbi.kun.nl/7tm/), there is 82% identity in 
the case of A2AB. This is likely due to the great vari­
ability in the long IL3 in A2AB. Furthermore, the rate 
of n N s between mouse and human A2AB is 1.13 sub­
stitutions/site/billion years, which is in the higher range 
as compared with most other types of proteins (Graur 
and Li 2000, pp. 102-103). Insulin, for example, has a 
NNS rate of 0.20, myoglobin of 0.57, and prion protein 
of 0.29.
The A2AB Gene Tree
Different evolutionary constraints may act on dif­
ferent parts of a protein as a consequence of interactions 
with other cellular components (for GPCRs, see Don­
nelly, Findlay, and Blundell 1994). If this were the case 
for A2AB, different domains of the protein might pro­
vide different trees, which would be interesting from a 
functional point of view but would hamper the phylo­
genetic inferences. We therefore performed separate 
analyses on the extra- and intracellular domains of 
A2AB, with and without exclusion of the variable re­
gions of IL3, and on this variable region itself (see Ma­
terials and Methods). Bootstrapped phylogenetic anal­
yses of these four, partitioned A2AB data sets revealed 
no significantly supported differences in tree topologies, 
indicating that any possible distinct evolutionary con­
straints acting on the different partitions were not ap­
parent in this manner (data not shown). A2AB was thus 
taken to evolve as a single genetic unit, making it useful 
for analysis of species phylogeny.
Phylogenetic analyses of concatenations of many 
genes, including A2AB, have been necessary to achieve 
a well-supported resolution of the eutherian tree (Mur­
phy et al. 2001 b). It nevertheless remains important to 
assess individual gene trees; strongly supported devia­
tions from the combined tree might reveal peculiar mu­
tational features in certain evolutionary lineages of that 
particular gene or might indicate the inclusion of par­
alogs. We therefore performed phylogenetic analyses on 
A2AB, both unrooted (eutherians only) and rooted (with 
marsupial out-groups). Unrooted analyses may detect re­
lationships that are less pronounced in rooted analyses 
because out-group taxa may influence in-group relation­
ships due to long branch attraction and sequence satu­
ration (see Scally et al. 2001 for further explanation). 
The rooted maximum likelihood tree is shown in figure 
3, and support values from various analyses are shown 
in table 2. Although certain lineages appear to evolve
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Fig. 3. Rooted maximum likelihood tree o f eutherian A2AB se­
quences. The tree is based on first and second codon positions o f a 
41-taxon data set (—ln L =  6756.46) using the HKY85 model of 
sequence evolution, with transition to transversion ratio set to 1.46. 
See Materials and Methods for details. Branch lengths are proportional 
to the number o f DNA changes, and the bar corresponds to 0.1 nucle­
otide change per site. Values in rectangles give average bootstrap- 
Bayesian support for nodes that are supported by more than 80% or 
0.80, respectively, in all analyses described in table 2. Other nodes, 
supported by 50% or more in half o f the analyses, are denoted a to n, 
and support values are shown in table 2. Nodes not supported by 50% 
or more in half o f the analyses are marked with the average bootstrap- 
Bayesian support and the number o f times that the node is supported 
(top and bottom values, respectively). Unmarked nodes are supported 
in less than half o f the phylogenetic analyses. For species names, see 
Materials and Methods. Megabat is Cynopterus sphinx and microbat 
is Macrotus californicus. Pangolin as. and pangolin af. refer to pan­
golin with Asian (Manis sp.) and African (Manis tetradactyla) origin; 
respectively.
faster than others (fig. 3; e.g., murid rodents, tenrecs), 
RASA analyses showed that these branches are not sig­
nificantly longer than the others.
In no instance does the A2AB tree deviate signif­
icantly from the recently emerged eutherian tree (Mad­
sen et al. 2001; Murphy et al. 2001a, 2001 ô). It therefore 
seems that concerns of amplifying pseudogenes or par­
alogs by using an intronless gene from a large gene 
family are unfounded in the case of A2AB. Several 
nodes in the A2AB tree, however, are poorly resolved 
and supported. At the ordinal level, medium support is 
seen for Afrosoricida (average 73% in unrooted and 
54% in rooted analyses), Rodentia (75%-72%), and 
Chiroptera (69%-68%), and weak support is seen for 
Primates (38%-38%) and Eulipotyphla (48%-49%). 
However, all analyses support rodent monophyly, vary­
ing from 54% in rooted unweighted parsimony to 1.00 
in Bayesian probability analyses. This consistent support 
for monophyly is in line with all recent analyses of other 
nuclear genes (Huchon, Catzeflis, and Douzery 1999; 
Adkins et al. 2001; DeBry and Sagel 2001) and of com­
bined nuclear and mitochondrial data sets (Madsen et al. 
2001; Murphy et al. 2001a, 2001 ô) but contradicts anal­
yses on total mitochondrial proteins that still indicate 
rodent para- or polyphyly (Reyes, Pesole, and Saccone 
2000; Janke et al. 2002).
The division of lipotyphlan insectivores into two 
orders, Eulipotyphla and Afrosoricida, is supported by 
A2AB. Eulipotyphla is found in 17 of the 20 analyses 
but with low confidence values (fig. 3). However, we 
never observed a basal position for Erinaceidae (hedge­
hog and gymnure), as is found for whole mitochondrial 
DNA analyses (Krettek, Gullberg, and Amason 1995; 
Mouchaty et al. 2000); Erinaceidae always groups inside 
Laurasiatheria, far from the eutherian root (see below). 
Support for Afrosoricida (golden moles and tenrecs) is 
mixed (branch m, fig. 3, table 2). Notably, there is an 
extreme difference in support between rooted and un­
rooted Bayesian probability analyses (0.01 and 0.99, re­
spectively). This is caused by the placement of the root 
between the Malagasy tenrecs and continental African 
otter shrew in rooted Bayesian probability analyses (see 
below). Also, analyses which include unweighted third 
codon positions give low support for Afrosoricida. In 
most of these analyses, golden mole groups with aard- 
vark due to third position transitions, whereas weighting 
as transversions-only restores Afrosoricida (data not 
shown). When compared with our previous analyses of 
A2AB (Stanhope et al. 1998), the increased taxon sam­
pling of Afrosoricida has a positive influence on the 
support for this group. Within Afrosoricida, we observe 
a well-supported affiliation of otter shrew with the two 
Malagasy tenrecs (node n, mean support 94% and 80%). 
This confirms our prediction from sequence signatures 
that the otter shrew is a member of Afrotheria (van Dijk 
et al. 2001).
There is compelling molecular evidence, from nu­
clear and mitochondrial genes and from SINE elements, 
that whales are nested within Artiodactyla as sister to 
hippo’s, and that ruminants are the sister group of the 
hippo-whale clade (e.g., Ursing and Amason 1998; Ga-
g
m
k
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Table 2
Bootstrap and Bayesian Probability Support for Branches a to n in Figure 3
Parsimony Distance
Bayesian
all
ML
all
Average
Sup.all 1+2 1 + 2+3tv aa all 1+2 1 + 2+ 3 tv aa
N ode 39 41 39 41 39 41 39 41 39 41 39 41 39 41 39 41 39 41 39 41 39 41
a ........ 96 96 76 76 76 79 70 68 56 58 62 60 62 57 84 81 98 97 95 91 78 76
b . . .  . 83 83 46 46 30 30 29 29 98 98 80 77 87 86 66 69 99 99 94 95 71 71
c ........ 48 43 60 59 59 54 76 72 58 56 62 57 64 69 50 53 88 86 72 62 64 61
d . . .  . 96 97 65 67 77 75 25 32 100 100 90 90 94 95 69 73 100 100 92 92 81 82
e ........ 99 99 84 85 98 99 70 70 100 100 79 82 96 98 50 58 100 100 99 98 88 89
f ........ 81 75 70 71 81 78 64 57 76 74 46 46 42 44 54 49 100 100 74 85 69 68
g . . .  . 85 81 28 29 66 63 13 18* 91 90 21 28 53 60 38 27 100 100 86 81 58 58
h . . .  . 43 46 50 51 52 56 49 39 51 65 43 52 40 47 50 38 100 100 70 66 55 57
i ........ 56 54 71 66 69 70 74 69 77 69 77 81 85 84 64 59 100 100 75 66 75 72
j ........ 57 51 26 27 64 69 26 25 53 68 22 35 54 66 24 17 100 100 72 67 50 53
k . . .  . 99 78 99 71 94 43 95 63 82 87 96 45 92 25 91 68 100 1 96 20* 94 50
l ...... 91 85 69 62 90 90 64 64 98 99 79 82 94 89 91 92 100 100 96 74 87 84
m . . .. 18 19 98 87 96 58 86 81 23 22 95 93 94 87 73 62 99 1 50 26 73 54
n . . .  . 99 98 96 88 99 65 99 91 97 96 76 72 99 97 71 74 100 31 99 82 94 80
N o te .— C o lu m n s 3 9 a n d 4 1  re fe r to  th e 3 9 - a n d 4 l - ta o e n d u ta s e t s , f o r u n r o e te d a n d r o e te d a n a ly s e s ,  respeativaly ^ e e  M ateria ls a nd  M ethods). A ll 1+ 2 , 
1 + 2  +  3tv, and aa refer to analyses on all codon positions, first plus second codon positions, first p lus second plus transversions on third codon positions, and amino 
acids, respectively. D istance analyses on D N A  and am ino acids is based  on logde! (e.g., Lake 1994) and JTT (Jones, Taylor, and Thornton 1992) m atrix distances, 
respectively. Bayesian is the Bayesian posterior probability, as based  on the G TR  +  T8 +  I (rate heterogeneity, gam m a distribution o f  variable sites, and  proportion 
invariable-sites) m odel o f  sequence evolution, four sim ultaneous M arkov chains, 500,000 generations and burn-in  value at 30,000 generations. Bayesian analyses 
based  on 200,000 and 350,000 generations gave nearly  identical results (m axim um  difference in  probability  o f  0.02). N ote tha t probability  is show n as percentage 
(e.g., 97 corresponds to a  probability  o f  0.97). M L is m axim um  likelihood analyses w ith rate heterogeneity  (HKY85; H asegaw a, K ishino, and  Yano 1985), where 
transitioe./transversion ratios w ere set to 1.80 and 1.73 for the 39- and 41-taxon data sets, respectively. * indicates tha t b ranch is not p resen t in  bootstrap/B ayesian 
m ajority  rule consensus tree. A verage sup. is the average support o f  the phylogenetic analyses.
tesy et al. 1999; Nikaido, Rooney, and Okada 1999). 
For A2AB, the mean support for the hippo-whale clade 
is 71% and 71% (unrooted-rooted), whereas ruminants 
(bovine) cluster with hippo-whale, with average support 
of 64% and 61% (nodes b and c; table 2). The position 
of pigs (Suiformes) and alpacas (Tylopoda) within Ce- 
turtioductylu is unresolved by A2AB.
Recent analyses in which A2AB was combined 
with other genes strongly supported the division of Eu- 
theria into four major groups (Madsen et al. 2001; Mur­
phy et al. 2001a, 2001b). These four groups are also 
supported, albeit not conclusively, by A2AB itself: Af- 
rotherirn (branch k, mean support 94% and 50%), Laur- 
usiuthefiu (branch g, mean 58% and 58%), Euarchon- 
toglires (branch h, mean 55% and 57%), and Xenarthra 
(branch to sloth). In contrast to Laurasiatheria and Euar- 
chontoglires, Afrotherirn is strongly affected by rooting 
the tree, lowering the average support from 94% to 50%. 
Moreover, in the rooted analyses, the support ranges 
from 1% to 87%, caused by a tendency of the root to 
nest inside Afrotherirn in some analyses (see table 2). 
The low support in rooted analyses, and the occasional 
rooting inside Afrotherirn, indicates a basal position of 
Afrotheria in the A2AB tree, in accordance with the 
concatenated sequence evidence (Murphy et al. 2001 b). 
It also illustrates the difficulty in establishing a stable 
root for the Eutherian tree in single gene analyses, an 
often neglected problem.
Joining of Laurasiatheria and Euarchontoglires in 
the Boreoeutheria (Springer et al. 2002) is reasonably 
well supported (branch j). Within the three superordinrnl 
clades, not much further resolution of orders is ob­
served. The only relationship that is consistently sup­
ported with high bootstrap and probability values is
Paenungulata within Afrotheria (node l, mean support 
87% and 84%). Furthermore, it can be noted that most 
analyses support an uurdvurk-elephunt shrew-Afrosori- 
cida clade and rabbit as sister to tree shrew. The latter, 
however, is in contrast with the increasing molecular 
evidence for the grouping of rodents and lagomoprhs in 
Glires (e.g., Murphy et al. 2001a).
The inability of A2AB and other individual nuclear 
genes to robustly resolve various regions of the euthe- 
rian tree strongly advocates their concatenation in ever 
larger data sets. This may accumulate enough signal to 
ultimately resolve the remaining weakly supported and 
ambiguous relationships in the tree. Alternatively, one 
may hope that qualitative, rare genomic changes (Rokas 
and Holland 2000), like transposons and indels, may be 
helpful in this respect.
In conclusion, the comparison of A2AB sequences 
from a broad range of well-selected mammalian species 
has served a dual purpose. It has contributed— mimm- 
bination with other genes— to th ereso lu tien o U  mmm- 
malian phylogeny and has additionally revealed the im­
portance of sequence variation in the protein with re­
spect to function and structure. Residues and regions 
involved in ligand binding and G-protein coupling are 
highly conserved, as are the major parts of the TM do­
mains. Highest variation is found in the very long, third 
intracellular loop IL3, where only a few residues and a 
polyglutamyl domain are conserved. The presence of 
this polyglutamyl domain in all A2ABs, albeit with 
varying lengths, confirms its proposed role in agonist- 
dependent phosphorylation of IL3. Thus, comparing or- 
thologous protein sequences from more mammalian spe­
cies other than only humans, rat, and mouse is likely to
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give valuable additional information about important 
parts of such a protein.
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The aim of the present study was twofold. First, to gain a deeper knowledge about the 
phylogenetic relationships amongst extant mammals, as derived from extensive molecular data sets. 
Second, and simultaneously, to describe the molecular evolution of the nuclear genes used in these 
phylogenetic studies, in relation to their structures and functions.
Molecular Phylogeny
Resolution of the phylogenetic relationships of mammals in general and of placental 
(eutherian) mammals in particular, as based on morphological and molecular data, has proven difficult 
(de Jong 1998). In this thesis the gradual progress in establishing a well-resolved eutherian tree, by 
means of mostly nuclear-encoded genes, is described. The resulting tree, reflecting our best current 
estimate of the relationships between extant eutherian orders, is presented in figure 1. The silhouettes 
in this figure display the morphological variety of the 18 orders, and may facilitate the understanding 
of this chapter.
Early molecular studies dealing with eutherian phylogenetic relationships were often 
hampered by the use of only a few species, representing a limited number of the 18 traditionally 
recognized eutherian orders (e.g. Li et al. 1990; Cao et al. 1994; Honeycutt et al. 1995). Broadening 
the taxon sampling to include more orders and for different genes seemed to be the first step in getting 
a better molecular based eutherian tree. In chapter 2, the sequences of exon 1 of the AQP1 gene from 
12 mammalian species, representing 12 different orders, were determined. Phylogenetic analyses were 
performed with these sequences alone and in combination with previously published aA-crystallin 
sequences. High support was found for grouping aardvark (Tubulidentata) and elephant shrew 
(Macroscelidea) with paenungulates (Hyracoidea, Sirenia and Proboscidea) in a so-called African 
clade which later was dubbed Afrotheria (chapter 5; see figure 1). This result fully conformed to 
studies by others on completely different nuclear genes like those for the interphotoreceptor retinoid- 
binding protein and for von Willebrand factor (Porter et al. 1996; Stanhope et al. 1996).
In the following chapters (3-5) Afrotheria is recognized in full to include also two families of endemic 
African insectivores, the tenrecs (Tenrecidae) and the golden moles (Chrysochloridae). This divides 
the traditional order Insectivora into at least two groups with different relationships. One group of 
African origin (Afrosoricida) and one of Laurasian origin (Eulipotyphla) (figure 1). This result was 
obtained by broadening the number of genetic markers as well as the number of taxa for each gene. As 
the name indicates, all members of Afrotheria have African origins. Molecular clock estimations 
indicate that the earliest divergences within the Afrotheria occurred some 70 to 80 million years ago, 
implying that an extensive radiation from a single common ancestor into ecologically divergent 
adaptive types took place during Africa’s isolation in the Cretaceous (chapter 3). From the analyses of 
single gene fragments with limited length - up to about 1000 base pairs - it became clear that such 
data only gave consistent and robust support for a few superordinal clades, such as Afrotheria 
(chapters 2-5), and for the nesting of whales inside the Artiodactyla as sister to hippopotamus (see 
Gatesy and O'Leary 2001, for review). Thus, concatenating different genes into a single data matrix 
seemed to be a logical next step for gaining increased resolving power at the deeper level of the 
eutherian tree (chapter 6). This resulted, for the first time, in the resolution of eutherians into four 
major groups: Afrotheria, Xenarthra, Laurasiatheria and Euarchontoglires (figure 1). Additionally, a
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Figure 1. Phylogenetic tree of the orders of eutherian mammals as based on Murphy et al. (2001b). All nodes 
were robustly supported, except the dotted nodes, which were supported by Bayesian posterior probability and 
maximum likelihood non-parametric bootstrap values between 0.97-0.70 and under 50%, respectively, and the 
gray nodes, which were supported by Bayesian posterior probability and maximum likelihood non-parametric 
bootstrap values between 0.99-0.98 and between 50-75%, respectively. The numbers indicate molecular 
divergence times in million years ago, either from Murphy et al (2001b; in brackets), or from estimates on the 
Murphy et al. (2001b) data set with the method of Thorne et al. (1998) which allows a relaxed molecular clock 
and multiple calibration points (Eizirik et al. unpublished; without brackets). The three major superordinal clades 
are indicated, as well as the first occurrence in the fossil record of representatives of the various orders on the 
southern and northern hemisphere according to McKenna and Bell (1997).
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unique nine-base-pair deletion in the BRCA1 gene provided further support for the naturalness of 
Afrotheria. A similar division of eutherian mammals into four groups was independently obtained by 
analyses of a completely different data set consisting of 18 orthologous gene segments (Murphy et al. 
2001a; Eizirik et al. 2001).
This eutherian four-partitioning suggests that at the morphological level parallel adaptive radiations 
have occurred in the major clades (chapter 6; Scally et al. 2001), reminiscent of the well-known 
parallel adaptive radiations described between eutherian and marsupial mammals (Springer et al. 
1997). The most notable morphological convergences within eutherians are those of various 
insectivores: Erinaceidae (hedgehogs) in Laurasiatheria versus Echinops (Madagascar “hedgehogs”) in 
Afrotheria; Soricidae (shrews) in Laurasiatheria versus Microgale (shrewlike tenrecs) in Afrotheria; 
and Talpidae (moles) in Laurasiatheria versus Chrysochloridae (golden moles) in Afrotheria.
Although these studies on large combined data sets gave robust resolution for the four major 
groups, several relationships within these clades and the exact placement of the eutherian root 
remained still unresolved (see chapter 6). The position of the root is of utmost relevance for 
understanding the early radiation and biogeographic distribution of eutherian mammals. Recently, the 
data sets from chapter 6 and from Murphy et al. (2001a) have been combined and expanded, yielding a 
data matrix consisting of 22 gene segments of mostly nuclear origin, having a total length of 16.397 
base pairs for 42 eutherian and two marsupial taxa (Murphy et al. 2001b). Phylogenetic relationships 
were assessed by using the traditional maximum-likelihood (ML) method as well as a Bayesian 
approach (MRBAYES; Huelsenbeck and Ronquist 2001) which is a new and powerful method for 
obtaining phylogenetic trees. Whereas the ML method searches a single ML tree, Bayesian methods 
sample and evaluate trees according to their posterior probability, given the data and the model of 
sequence evolution. A nearly completely resolved eutherian tree, the one shown in figure 1, was 
obtained by these analyses. Only two nodes remained ambiguously supported, and two others obtained 
medium to high support, whereas the rest was very robustly supported. At the base of the tree 
Afrotheria is the first to branch off, followed by Xenarthra, while Euarchontoglires and Laurasiatheria 
are found as sister clades. Comparison of this tree with the latest mitochondrially (MT) based tree 
(Arnason et al. 2002), shows many similarities but also a few differences. Most of the differences are 
related to the rooting of the eutherian tree, since unrooted analyses on the MT data result in the same 
topology as unrooted analyses on the nuclear data (O. Madsen, unpublished observation).
Combining the basal resolution of the eutherian tree with evidence from the fossil record, 
which indicates that Afrotheria and Xenarthra have first appearance in the southern hemisphere 
(Gondwana), while Euarchontoglires and Laurasiatheria first appeared in the northern hemisphere 
(Laurasia) (McKenna and Bell 1997) (see figure 1), a biogeographic scenario for the origin and early 
diversification of extant eutherian mammals can be suggested. Assuming that the first appearance of a 
taxon in the fossil record is likely to indicate its place of origin, the most parsimonious explanation for 
these observations is that extant eutherians had their last common ancestor in the southern hemisphere. 
This contradicts the traditional view that the last common ancestor of extant eutherians is of northern 
hemispheric origin (Wallace 1962; Rainger 1991). Molecular clock estimations date the divergence of 
Afrotheria from the other eutherians at around 105 million years (Myr) ago (see figure 1). It is notable 
that this dating is in good agreement with the continental breakup between South America and Africa, 
making vicariant separation a likely trigger for the basal divergence of eutherians, followed by a single 
trans-hemispheric dispersal from Gondwana to Laurasia (Murphy et al. 2001b).
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The traditional paleontological view of eutherian divergence is that starting from a few 
eutherian lineages a rapid and bushlike radiation took place around 65 Myr ago, after the dinosaurs 
went extinct. However, estimations of the molecular divergence times of the different eutherian orders, 
as depicted in figure 1 (Murphy et al. 2001b; Eizirik et al. unpublished), go much deeper in time. 
These estimates are in line with other molecular estimates (e.g. Kumar and Hedges 1998; Penny et al. 
1999) and indicate an expanded diversity of mammals long before the dinosaurs went extinct, with 
almost all extant orders already present at the Cretaceous/Tertiary (K/T) boundary. Hence it follows 
that a gap in the fossil record is likely to be present (Hedges and Kumar 1999). There are at least two 
possible explanations for such a gap. 1) Genetic isolation, and consequently the estimated molecular 
divergence times, will normally precede any observed synapomorphous morphological characters that 
can distinguish between two genetically isolated populations. Thus, some early fossils may actually be 
ancestors to present-day orders, but without being recognized as such, because of the absence of any 
descendant-specific derived characters (Easteal 1999; see also chapter 6). 2) The relatively poor fossil 
record from the southern hemisphere continents (especially from Africa) together with the possible 
Gondwanan origin of modern eutherians may suggest that these early fossils have not yet been found 
(Foote et al. 1999).
Establishing a well-supported eutherian tree, reflecting the actual course of divergent events, is 
extremely useful for understanding several different aspects of mammalian evolution. Firstly, it can be 
used as a scaffold to pinpoint the mode of morphological evolution in eutherians. Such an approach 
has already been used to study the evolution of laryngeal echolocation in bats (Springer et al. 2001). 
The molecular phylogenetic tree of bats was used as a scaffold to establish that laryngeal echolocation 
was present in ancestral bats and secondarily lost in megabats. Secondly, the current tree places 
rodents and primates as fairly close relatives, which at first sight supports the choice of mouse and rat 
as model animals for studying human diseases. But, it should be noted that these murine rodents 
display a rather distinct molecular substitution rate as compared to many other rodents and mammals 
(see tree in chapter 6; Eizirik et al. 2001; Waddell et al. 2001) indicating deviant cellular mechanisms 
in murines. Thus, instead of using rat and mouse as model animals for human diseases, a rodent such 
as squirrel or guinea pig had probably been a much better choice. Thirdly, in mammalian genome 
research the tree can help to choose the most appropriate new species for further genome sequencing 
projects. The mammals with (nearly) completely sequenced genomes (human, rat and mouse) all 
belong to the same phylogenetic clade. To better comprehend mammalian genome evolution, the 
genomes of several different and preferably phylogenetically most divergent species from the other 
three eutherian clades plus outgroup mammals should be sequenced. Besides a better understanding of 
mammalian genome evolution, the analysis of these sequences will of course provide the final 
validation of the eutherian tree.
A last and most important phylogenetic question is of course whether the present well- 
resolved eutherian tree is tantamount to ‘we are finished’ with concern to establishing eutherian 
relationships at the ordinal level as based on molecular sequence data. The answer to this question is 
yes and no. Yes, because determining ever longer sequences and more extended species sampling is 
not likely to result in another tree topology or to resolve the ambiguous parts of the tree. At least not 
with the currently used models of sequence evolution. Although some models of sequence evolution 
are fairly complex, they still do not describe most data in full (Goldman 1993). Thus, by including 
models and parameters such as codon models (Muse and Gaut 1994; Yang et al. 2000), within-site rate
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variation parameters (heterotachy; Lopez et al. 2002), models based on structural information 
(Topham et al. 1993; Lió and Goldman, 2002), and covarion model parameters (e.g. Huelsenbeck,
2002), better descriptions of the data are likely to be achieved, and may result in an even better 
resolved eutherian tree. No, because independent confirmation of the proposed eutherian relationships 
from other genetic sources such as rare genomic events (Rokas and Holland 2000) is very important. 
Not only will such independent data give better confidence in the tree, they also may help to convince 
any sceptical mammalian systematists that the current molecular tree best approaches the true tree. 
Rare genomic changes are for example insertions or deletions in protein-coding genes (indels), 
alternative splicing, and short interspersed elements (SINEs). In eutherian systematics such rare 
genomic changes have already been used as phylogenetic markers: indels have been found supporting 
Afrotheria (chapter 6), Xenarthra (van Dijk et al. 1999) and Euarchontoglires (Poux et al. 2002); and 
SINEs have been used in resolving cetartiodactyl and primate intraordinal relationships (e.g. Nikaido 
et al. 1999; Schmitz et al. 2001).
In conclusion, a well-resolved eutherian tree has been obtained, but there is still work to do in 
terms of improving the models and solving the last remaining ambiguities.
Molecular Evolution
In addition to the phylogenetic results, what can we learn about molecular evolution from the 
many kilobases of gene sequences that have been determined in the course of this phylogenetic study? 
In molecular databases such as EMBL and Genbank the great majority of mammalian sequences is 
from human, mouse and rat. This bias has become even more pronounced in this postgenomic era with 
almost complete genome sequences of human, mouse and rat. Therefore, if a human gene is described 
with unknown or new structures and functions, it often is compared with its mouse or rat counterpart 
to pinpoint important regions in the protein for further investigations. Since primates and rodents are 
fairly closely related mammals (figure 1), and parallel substitutions can not be detected when aligning 
only two sequences, it is unlikely that such a comparison is able to unveil all of the important regions 
in the protein. This limitation advocates a broader sampling of mammalian sequences, which will 
provide a much more comprehensive comparison of the variability and conservation of a gene or 
protein.
In this study two nuclear encoded mammalian genes from a broad range of different mammals 
have been analysed: exon 1 of aquaporin 2 (AQP2) which is a member of the AQP family (chapter 2), 
and the alpha 2B adrenergic receptor (A2AB) which is a class A receptor of the G protein-coupled 
receptor (GPCR) family (chapter 7). Both genes code for transmembrane (TM) proteins but with 
entirely different functions, AQP2 facilitating active transportation of water across the cell membrane, 
and A2AB involved in signal transmission from the extra- to the intracellular environment. As 
expected, residues and domains predicted to be structurally and functionally important in the two 
proteins, such as the aqueous pore domain (NPA domain) in AQP2, and residues involved in ligand- 
and G protein-coupling in A2AB, are highly conserved. In general, TM domains are more conserved 
than the loops that connect these domains, implying lower functional and structural constraints on 
loops than on the TM domains. However, different loops may show great variation in conservation, 
from well-conserved as for intracellular loop 1 in A2AB, to highly variable as for intracellular loop 3 
in A2AB. In the latter loop 3 only a few residues and a polyglutamyl domain are preserved. Although
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this acid domain displays great length variation, it is present in all described mammalian A2ABs, 
confirming its proposed role in agonist-dependent phosphorylation of the third intracellular loop 
(Jewell-Motz et al. 1995; Small et al. 2001). The length variation in the acid domain might indicate 
that the level of agonist-dependent phosphorylation and consequent desensitization and surface 
receptor activity may be regulated by an evolutionary fast process required for adaptation to changing 
cellular and environmental demands in different species. It further illustrates that amino acid repeats 
could play an important role in protein function, as has been suggested for other proteins (Karlin and 
Burge 1996).
Recently, the crystal structures of rhodopsin, an A2AB-related class A GPCR, and of AQP1 
which is related to AQP2, have been resolved (Murata et al. 2000; Palczewski et al. 2000). The 
conservation and variation in AQP2 and A2AB as observed from the multiple alignments of these 
proteins in our studies, are more or less consistent with the high-re solution structures of AQP1 and 
rhodopsin. This agrees with their structural relatedness, but there are differences between our 
deductions for AQP2 and A2AB, and the observations from the AQP1 and rhodopsin crystal 
structures. For example, in rhodopsin two antiparallel ß-strands are present in the second extracellular 
loop, of which the latter forms part of the ligand-binding pocket (Palczewski et al. 2000). The 
corresponding regions in A2AB are quite variable, suggesting that A2AB and rhodopsin have different 
structures in this part of the molecule (chapter 7). Additionally, recent studies have indicated that the 
secondary structure of the second intracellular loop, which plays an important role in regulating G 
protein-coupling, differs between the alpha 2A adrenergic receptor (A2AA) and rhodopsin (Chung et 
al. 2002a), and that in the class A family of GPCRs at least two different G protein-coupling 
mechanisms exist (Lu et al. 1997; Burstein et al. 1998; Chung et al. 2002b). Thus, the high-resolution 
structure of rhodopsin provides an excellent template for other class A GPCRs in establishing the 
structures of the seven TM bundles (Bourne and Meng, 2000), but the structures of the different 
intracellular and extracellular loops and their exact involvement in determining ligand-binding and G 
protein-coupling still need to be established.
In conclusion, determining and comparing in a broad range of mammals the sequences of a 
particular orthologous protein with unknown function or structure, seems to be a good first step for 
gaining more knowledge about the most important parts of that protein. This information then can 
subsequently be used for further investigations, such as making point or deletion mutants of the 
protein and performing protein structure predictions.
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Het in dit proefschrift beschreven onderzoek diende een tweeledig doel. Allereerst het 
verkrijgen van een dieper inzicht in de fylogenetische verwantschappen tussen de hedendaagse 
zoogdieren door onderzoek van uitgebreide bestanden van moleculaire gegevens. Daarnaast het 
beschrijven van de moleculaire evolutie van de genen die voor deze fylogenetische studies gebruikt 
zijn, in samenhang met hun structuren en functies.
In dit onderzoek zijn twee genen uit het kerngenoom vergeleken bij een breed scala van 
zoogdieren: exon 1 van het gen dat codeert voor aquaporine 2 (AQP2), een lid van de AQP familie 
(hoofdstuk 2) en het gen dat codeert voor de alfa 2B adrenerge receptor (A2AB), een klasse A receptor 
uit de familie van G-eiwit gekoppelde receptoren (GPCRs; hoofdstuk 7). Beide genen coderen voor 
transmembraan (TM) eiwitten, doch met volstrekt verschillende functies. AQP2 maakt het actieve 
transport van water over de celmembraan mogelijk, terwijl A2AB betrokken is bij de overdracht van 
signalen vanuit de extracellulaire naar de intracellulaire omgeving. Zoals verwacht bleken vooral die 
aminozuren en eiwitdomeinen evolutionair sterk geconserveerd waarvan voorspeld wordt dat ze 
structureel en functioneel van belang zijn voor de betreffende eiwitten. Voor AQP2 geldt dat met 
name voor het domein rond de waterporie, gekenmerkt door de drie aminozuren asparagine, proline en 
alanine (het NPA domein). Voor A2AB betreft dat vooral de aminozuren die betrokken zijn bij de 
binding van liganden en G-eiwitten. Over het algemeen blijken TM domeinen sterker geconserveerd te 
zijn dan de lussen die deze domeinen verbinden, wat er op wijst dat de lussen functioneel en 
structureel aan minder beperkingen onderhevig zijn dan de domeinen. De lussen vertonen onderling 
echter grote verschillen in conservering van hun aminozuurvolgorden, in A2AB uiteenlopend van een 
sterk geconserveerde intracellulaire lus 1 tot een zeer variabele intracellulaire lus 3. Geconcludeerd 
kan worden dat het bepalen en vergelijken van de aminozuurvolgorden van een overeenkomstig eiwit 
bij een goed gekozen selectie van zoogdieren een goede indruk geeft van de meest belangrijke delen 
van zo’n eiwit, ook wanneer de functie en structuur nog onbekend zijn. Deze informatie kan 
vervolgens in verdere experimenten benut en getest worden.
De hoofdstukken 2 tot en met 6 beschrijven opeenvolgende stappen in het ontrafelen van de 
verwantschappen tussen de verschillende orden van placentale zoogdieren, de Eutheria, op basis van 
de vergelijking van DNA volgorden van hun genen. Dit begint in hoofdstuk 2 met de bevestiging dat 
aardvarkens en olifantspitsmuizen verwant zijn met zeekoeien, olifanten en klipdassen, en samen een 
groep van Afrikaanse oorsprong vormen, die thans als Afrotheria bekend staan. In de hoofdstukken 3­
5 wordt dan beschreven dat ook twee families van endemische Afrikaanse insecteneters, de 
goudmollen en de tenreks, tot de Afrotheria behoren. Aangezien goudmollen en tenreks tot nu toe 
samen met egels, mollen en spitsmuizen in de orde Insectivora geplaatst werden, moet geconcludeerd 
worden dat deze orde ten minste in twee groepen verdeeld moet worden, een van Afrikaanse 
oorsprong en een met oorsprong op de noordelijke continenten, Laurazië. In hoofdstuk 3 wordt op 
grond van de volgordeverschillen tussen de zoogdiergenen, en het gegeven dat DNA ruwweg met 
constante snelheid evolueert (de “moleculaire klok”), gesuggereerd dat de verschillende orden binnen 
de Afrotheria tussen midden Krijt en vroeg Kaenozoicum uit een gemeenschappelijke voorouder 
gedivergeerd zijn. Dit was de periode dat Afrika zich reeds van Zuid-Amerika had afgescheiden maar 
nog geen contact had met Eurazië. Ten slotte beschrijft hoofdstuk 6 hoe de placentale zoogdieren in 
vier hoofdgroepen kunnen worden verdeeld, waarvan de Afrotheria er één vormen. Deze verdeling 
kon worden vastgesteld door de volgorden van een aantal afzonderlijke genen te combineren in één 
grote matrix van gegevens en daarna te analyseren. Op morfologisch vlak hebben zich binnen de vier
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hoofdgroepen parallelle en convergente adaptieve veranderingen voorgedaan. Het meest opvallend is 
de morfologische convergentie bij de verschillende insecteneters binnen twee van de hoofdgroepen, de 
Afrotheria en de Laurasiatheria. Zo lijken de tenreks van de geslachten Echinops (“Madagascar 
hedgehogs”) en Microgale (“shrewlike tenrecs”) en de Afrikaanse goudmollen, alle Afrotheria, zoals 
de namen al aangeven sprekend op onze Euraziatische egels, spitsmuizen en mollen, die tot de 
Laurasiatheria behoren.
Het beschreven onderzoek heeft er toe bijgedragen dat de stamboom van de zoogdieren thans 
voor een belangrijk deel is opgehelderd. Deze boom, gebaseerd op moleculaire gegevens, vertoont een 
aantal verrassende verwantschappen die niet uit eerdere paleontologische en morfologische 
stambomen naar voren gekomen waren.


119 Resumé
Ph.D.-projektet, som er beskrevet i denne afhandling havde to formâl. For det forste at opnâ et 
bedre kendskab til klassifikationen af nulevende pattedyr ud fra omfattende DNA sekvens data. For 
det andet at beskrive den molekylære evolution (udvikling) i forhold til deres struktur og funktion af 
de kerne-DNA gener, som blev anvendt i disse fylogenetiske studier.
Den molekylære evolution af to kerne-kodende gener: exon 1 af vandkanalprotein 2 (AQP2), 
som tilhorer familien af vandkanalproteiner og alfa 2B adrenergene receptor (A2AB), som tilhorer 
familien af G-protein koblede receptorer, er beskrevet i henholdsvis kapitel 2 og 7. Begge gener koder 
for transmembrane (TM) proteiner, som dog har vidt forskellige funktioner. AQP2 spiller en vigtig 
rolle i den aktive vandtransport over cellemembranen i nyrerne, mens A2AB er involveret i 
overforslen af signaler fra det extra- (udenfor cellen) til det intracellulære (indeni cellen) miljo. Den 
molekylære evolution af disse to gener blev undersogt ved at sammenligne protein sekvenser, fra 
mange forskellige grupper af pattedyr, hvorved det var muligt at identificere de vigtigste domæner og 
aminosyrer i de to proteiner, eftersom disse domæner og aminosyrer er de bedst konserverede dele af 
et protein. Som forventet er aminosyrerne i og omkring protein domænet, der er ansvarlig for den 
aktive vandtransport over cellemembranen, vel konserveret i alle AQP2 molekylærene. I A2AB er 
aminosyrerne og protein domænerne involveret i henholdsvis ligand og G-protein binding ogsâ godt 
konserveret. I almindelighed er TM domænerne bedre konserveret end protein lokkerne, som forbinder 
disse TM domæner, hvilket tyder pâ, at der er en storre evolutionær begrænsning pâ TM domænerne 
end pâ protein lokkerne. Der er imidlertid stor forskel i konserveringsgraden af de forskellige lokker, 
vekselende fra meget konserveret (lokke 1, A2AB) til meget variabel (lokke 3, A2AB). 
Sammenfattende kan det konkluderes, at en god metode til at identificere de vigtigste omrâder med 
hensyn til struktur og funktion i et protein er sammenligning af protein sekvenser fra mange 
forskellige dyr/organismer.
I kapitlerne 2 til og med 6 beskrives den gradvise forbedring i etableringen af det 
fylogenetiske slægtskab imellem de forskellige ordener af placentale (eutherian) pattedyr. Dette 
forbedrede stamtræ blev opnâet ved at sammenligne forskellige gen sekvenser fra de forskellige 
placentale pattedyr. I kapitel 2 bekræftes det, at jordsvin og springspidsmus er nært beslægtede med 
sokoer, elefanter og klippegrævlinger. Fællesnævneren for disse morfologiske meget forskellige dyr 
er, at de alle har en afrikansk oprindelse og derfor blev de kaldt den ”Afrikanske gruppe”; en gruppe 
der senere blev dobt Afrotheria. I de folgende kapitler (3 til 5) er det beskrevet, at to familier af 
endemiske afrikanske insektædere, borstesvin og guldmuldvarpe, ogsâ tilhorer Afrotheria gruppen. 
Eftersom borstesvin og guldmuldvarpe normalt, sammen med spidsmus, muldvarpe og pindsvin er 
inddelt i ordenen Insectivora, kan det konkluderes, at denne orden i det mindste skal splittes op i to 
grupper, en med afrikansk oprindelse og en med oprindelse pâ den nordlige halvkugle, Laurasia. Ved 
at gâ ud fra, at ankomsttiderne af DNA-mutationer er jævnt fordelt over tid, det sâkaldt ”molekylære 
ur”, var det muligt at beregne, at de forskellige udviklingslinier fra den sidste fælles stamfader i 
Afrotheria fandt sted i tidsrummet mellem kridt indtil tidlig kænozoisktid, hvor Afrika var en isoleret 
o. Til sidst i kapitel 6 beskrives det, for forste gang, at placentale pattedyr kan deles op i 4 
hovedgrupper, hvoraf Afrotheria er en af disse hovedgrupper. (Dette resultat blev opnâet ved at 
kombinere en række forskellige gen-fragmenter i et fælles molekylær datasæt.) I de forskellige 
hovedgrupper har en række forskellige konvergente og parallelle morfologiske tilpasninger fundet 
sted. De mest iojnefaldende konvergente tilpasninger findes iblandt insektæderne i de to hovedgrupper
R esumé 120
Afrotheria og Laurasiatheria, sà som: Madagaskar borstesvin (”pindsvin”) (Echinopus) versus 
pindsvin (Erinaceidae) og guldmuldvarpe (Chrysochloridae) versus muldvarpe (Talpidae).
Sàledes er der ved hjælp af molekylære data opnàet et veldefineret stamtræ for placentale pattedyr, 
som angiver nye spændende fylogenetiske slægtskaber, der ikke tidligere har været foreslàet baseret pà 
morfologiske eller palæontologiske data.
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